an 
H. Mulholland 


"VU 
¢ 
® 
Ss 
ie) 
- 
> 
® 
3 
2 
&. 
© 
7] 
— 
\-] 
- 
> 
< 
© 
3 
4 
= 
® 
< 
S 


H. Mulholland 





PURE MATHEMATICS 
FOR ADVANCED LEVEL 


Butterworths Publications on Related Subjects 
APPLIED MATHEMATICS FORADVANCED LEVEL, 1969 
H. MULHOLLAND AND J. H. G. PHILLIPS 
FUNDAMENTALS OF STATISTICS, 1968 
H. MULHOLLAND AND C. R. JONES 


PURE MATHEMATICS 
FOR ADVANCED LEVEL 


B. D. BUNDAY, B.Sc. (HONS.), PH.D. 
Bradford University 


H. MULHOLLAND, M.Sc., F.I.M.A. 
Liverpool Regional College of Technology 


LONDON 
BUTTERWORTHS 


ENGLAND: BUTTERWORTH & CO. (PUBLISHERS) LTD. 
LONDON: 88 Kingsway, W.C.2 


AUSTRALIA: BUTTERWORTH & CO. (AUSTRALIA) LTD. 
SYDNEY: 20 Loftus Street 
MELBOURNE: 343 Little Collins Street 
BRISBANE: 240 Queen Street 


CANADA: BUTTERWORTH & CO. (CANADA) LTD. 
TORONTO: 14 Curity Avenue, 374 


NEW ZEALAND: BUTTERWORTH & CO. (NEW ZEALAND) LTD. 
WELLINGTON: 49/51 Ballance Street 
AUCKLAND: 35 High Street 


SOUTH AFRICA: BUTTERWORTH & CO. (SOUTH AFRICA) LTD. 
DURBAN: 33/35 Beach Grove 


First published 1967 
Revised impression 1970 


ISBN 0 408 70031 9 (Standard) 
0 408 70032 7 (Limp) 


Suggested U.D.C. Number: 51(075). 
© 


Butterworth & Co. (Publishers) Limited 
1967 


Printed in Northern Ireland at The Universities Press, Belfast 


PREFACE 


THIS is a text book of Pure Mathematics written to meet the needs 
of the student studying for the General Certificate of Education at 
Advanced level. The book assumes a knowledge of mathematics 
up to Ordinary Level and covers all the Pure Mathematics necessary 
for the Advanced Level examination in Mathematics (A26), of the 
Northern Universities Joint Matriculation Board, together with the 
great majority of the work required for the Advanced Level exam- 
inations of the Southern Universities Joint Board, the Welsh Joint 
Committee and London University. 

The teaching method adopted is for the most part that suggested 
by the various reports of the Mathematical Association. The 
emphasis throughout has been on technique, although we have tried 
to indicate where a particular result needs more vigorous justification 
than is given in this book. In this way we hope that all students can 
progress quickly in the understanding and application of these 
techniques without the hindrance of having to justify everything 
they do. This latter step comes at a later stage in their mathematical 
development. 

For convenience the book has been prepared in the order Algebra 
(Chapters 1-5), Trigonometry (Chapters 6-8), Calculus (Chapters 
9-16), and Co-ordinate Geometry (Chapters 17-20), but this is not 
to imply that the chapters should be read in this order. For the 
student at school this will be decided by the teacher; for the student 
working alone we would recommend an advance on a broad front 
through Chapters 1, 3, 6, 9, 10, 12 (the first two sections), 13, 17, 18. 
This lays the foundations for all the main topics and this broad 
advance can then be maintained. We would suggest that each of 
Chapters 7, 11, 14, 15, 16 and 20 be read in at least two stages. Not 
only will this make for easier digestion of the many ideas and 
techniques discussed in these chapters, but will also provide for 
constant revision and extension of this material. 

The book includes over 350 worked examples and about 1800 
examples for the student to solve. The worked examples indicate 
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the main applications of the ideas and techniques discussed. The 
exercises set at the ends of the sections within the chapters are for 
the most part fairly straightforward. All our readers should attempt 
these exercises. The exercises at the ends of the chapters are a 
“mixed bag”. Some are of a routine type, others are more testing; 
many are from past papers set by the various examining boards. 
Finally there are some (indicated with an asterisk) which are of a 
more difficult nature. The student should not be too dismayed if he 
is unable to solve all of these. 

For convenience the results and formulae obtained have been 
labelled, the first number of the label identifying the chapter in 
which the result is derived. Thus formula 10.7 is the seventh result 
obtained in Chapter 10. It is not suggested that all these formulae be 
memorized. 

We should like to express our thanks to the Joint Matriculation 
Board (J.M.B.), the Southern Universities Joint Board (S.U.J.B.), 
the Welsh Joint Committee (W.J.C.) and London University (L.U.) 
for granting us permission to use questions from their examinations 
in this book. The abbreviations above have been used to indicate 
the source of such questions. 

Finally we should like to thank our publishers for the care and 
trouble they have taken over the general presentation of the text. 


B. D.B. 
H. M. 
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OPERATIONS WITH REAL NUMBERS 


1.1. THE REAL NUMBERS 


ALGEBRA is concerned with operations with numbers and we shall 
begin with a brief review of these operations and the numbers 
involved. 

The first set of numbers usually encountered is the set of positive 
integers including zero: 0, 1,2,3,.... These by themselves are 
insufficient for the solution of many actual problems and need to be 
supplemented by fractions which can all be expressed in the form 
a/b, where a and b are positive integers (b non-zero). This set of 
numbers includes the positive integers which arise when b = 1. 

The solution of a particular problem might require the solution 
of the equation x-+a=6. If a is greater than b, in order to 
interpret the result x = b — a, we need to extend our number 
system to include negative numbers. The integers are then the set 


...—3, —2, —1,0, 1, 2,3, 4,.... 


and the rational numbers (fractions), which include the integers 
are of the form a/b where a and b are integers (6 non-zero). 

There are still quantities which cannot be expressed in terms of the 
rational numbers. For example the length of a diagonal of a square 
of side 1 unit is \/2 units, and ,/2 cannot be expressed in the form 
a/b where a and b are integers. Tables of square roots show 
(2 = 1-414 = 3434 but this is only an approximation to the value 
of ,/2, as the squaring of 1-414 will soon show. This property is not 
unique to ,/2; ./3, /5, #/1:6, 4/1161 etc. all have the same property. 
These numbers are examples of algebraic numbers. They are all 
of them solutions of algebraic equations which involve only rational 
numbers. ,/3 is a solution of x? = 3, #/1-6 is a solution of x3 = 1-6, 
4/11°61 is a solution of x5 = 11-61, etc. 

There are still other numbers which do not fall into any of the 
categories mentioned so far. Such numbers, of which a (= 3-142), 
logio 2 (= 0-301), sin 74° (= 0-9613) are but three examples, are 
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called transcendental numbers. Our system of real numbers with 
which we shall be mainly concerned, will consist of the rational, 
algebraic and transcendental (irrational) numbers. 

It is often convenient to represent these numbers by points on a 
line (Figure 1.1), letting 0 be an origin on the line x'x. Conventionally 
we let points to the right of 0 represent positive numbers and points 
to the left of 0 represent negative numbers. Points on the line distant 
1 unit, 2 units,... to the right of 0 will represent the numbers 
1,2,3,.... Points on the line distant 1 unit, 2 units... to the left 
of 0 will represent the numbers —1, —2, —3,.... The rational 
numbers will be represented by intermediate points. 


Figure 1.1 


The fundamental operations of algebra are addition and multi- 
plication. Subtraction can be regarded as the addition of the 
corresponding negative number, and division as multiplication by 
the reciprocal. We are all familiar with these operations, although 
it is perhaps worth reminding ourselves of the fundamental laws 
governing these operations. 

If a, b, c are any three real numbers: 


Il.a+b=b-+ 4a, the commutative law of addition 
Il. (a+b) +c=a+(b+0), the associative law of addition 
Ill. ab = ba, the commutative law of multiplication 
IV. (ab)c = a(bc) the associative law of multiplication 
V. a(b + c) = ab + ac the distributive law of multiplication and 
addition. 


1.2. EQUATIONS INVOLVING ONE UNKNOWN 


Our readers will already be familiar with the solution of simple 
equations and quadratic equations involving one unknown. 
For the equation ax + b = 0 where a and b are real numbers 


eer. ... (AD) 
a 
For the equation ax? + bx +c¢=0 
5s: —b+ V(b? — 4ac) 
~~ 2a 


2 


... (1.2) 


EQUATIONS INVOLVING ONE UNKNOWN 
Example 1. Solve the equations: (i) 2x + 3(x — 1) = 4x + 12; 








“3 x+5 x—1 

i ar 

(i) 2x + 3(x — 1) = 4x +12 

3 2x + 3x —-3 = 4x + 12 
5x = 15 + 4x 
x= 15 

am x+5 x-~—1 

Go 5 6 


6(x + 5) = 5(x — 1) 
6x + 30 = 5x —5 
= —35 
Example 2. Solve the equations: (/) 2x? — llx + 12 = 0; 
-(ii) x? — 3x -~5=0. 
(i) The left-hand side of equation (i) can be factorized and the 


equation written 
(2x — 3\(x — 4) =0 


2x—3=0 or x—4=0 


i.e. x=%2 or x=4 
(ii) The factors of the left-hand side of equation (ii) are not at 
all obvious and we use equation (1.2) witha = 1,b = —3,c = —5. 
3+ J/(-3* -— 4x Wx (— 5} 3.929 3 + 5:385 
2 2 2 


x = 4193 or —1-193 


The methods for the solution of more complicated equations in 
one unknown follow the same principles as are involved in the 
solution of simple and quadratic equations; viz. the isolation of 
the unknown on one side of the equation. Some of the techniques 
employed are illustrated by the examples which follow. 


3 
i 2 —4 ——e 
Example 3. Solve the equation x® + 2x + 3 ae 0. 
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With z = x? + 2x we have 
4 
z2—4z+3=0 
(z— 3\(z-—1) =0 
i.e. z=1 or 3 
With z = 3, 
x? + 2x = 3 
x?+2x—3=0 
(x + 3\(x — 1) =0 
ins x=-—3 or x=1 
With z = 1, 
x?+2x—1=0 
—2+/(44—4x () x (-1) 
2 
—24/8 -—24+2/2 
oo 2 
=—-14,/2 
the solutions are 1, —3, —1 + /2, —1 — /2. 


x= 


Example 4. Solve the equation 
V4 — x) — (6 + x) = (14 + 2%). 
Squaring both sides we have 
4—x+6+x—-—2/[(4—x)(6+x)] = 144 2x 
—2[(4 — x6 + 2] = 4 + 2x 
—JI4—x6+x)=2+%x 
On squaring both sides we now have 
(4—x)6+x)=4+ 4x4 x? 
24—2x— x? =4+4x4+ 
2x? + 6x — 20 =0 
2x + 5)\(x — 2) =90 
x=2 or x=—5 
4 
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It is easy to see that it is only the value x = —5 which satisfies 
the original equation. x =2 is a solution of the equation 
V4 — x) + J(6 + x) = V(14 + 2x). If we square both sides of 
this equation we obtain ,/[(4— x)(6+x]=2-+-x, which in 
turn leads to 2x?-+ 6x —20=0. The original equation gave 
—./ [(4 — x)(6 + x)] = 2 + x but when we square, the distinction 
between the two cases is lost. Thus we must always verify the 
correctness of our solutions after we have carried out such oper- 
ations. As a trivial example consider the equation 2x = 2 which 
has solution x = 1. If we square both sides we obtain the equation 
“Ax? = 4, i.e. x? = 1 which has solutions x = 1 or x = —1! 


Example 5. Solve the equation x* — 4x3 + 6x? — 4x + 1=0. 
The symmetry of the coefficients allows us to employ the following 
technique. After dividing by x? we can arrange the equation as 


#+4—a(x+4) 46-0 
x x 
Withz=x44 
x 
2 2 1 s 2 1 2 
z= xX oes 1.e. x +a —2 
x x 


The equation can be written 


2?—4z+4=0 
(z —2)*=0 
z=2 
pees 

x 
x*—2x+1=0 
(x — 12 =0 


x = 1, which is the only solution of the equation. 


Exercises la 


1. Solve the equation ~ Se ee ase mas . 








2. Solve the equation x? — 5x — 11 = 0. 
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xt+1 _ x=! 
x +3 I+3° 


4. Solve the equation ,/x — oP 2p) 


Bb 
36 


5. Solve the equation y? + 5y — = 0. 
‘ y* + 5y 


6. Solve the equation x* — 25x? + 144 = 0. 

7. Find the values of x which satisfy the equation 2,/(x + 5) — 
V(2x + 8) = 2. 

8. Solve the equation /(x + 1) + /(5x + 1) =2/(x + 6). 

9. Solve the equation x4 — 2x8 — 6x? — 2x + 1=0. 

10. Solve the equation y* — 2y8 — 2y? + 2y+1=0. 





3. Solve the equation 





(Hint: letz=y— ‘). 
y 


1.3. SIMULTANEOUS EQUATIONS 


We shall assume that our readers are familiar with the procedure 
for the solution of a pair of linear simultaneous equations in two 
unknowns. The solution of two equations in two unknowns when 
one or both of the equations contain quadratic terms is a more 
interesting problem. We first consider two cases where a systematic 
method of solution exists. 


Example 1. Solve the equations x + y=3, x*+xy+2y+ 
x + 2y = 12 in which one equation is linear and the other quadratic. 
We use the linear equation to express one unknown in terms of the 


other. Thus we have 
x=3-y 


We now substitute this expression for x into the second equation 
to obtain a quadratic equation for y. Thus 


3—yPF+G-—yyt24?+G—-y)+a=l2 
9-—6y+y? 4+ 3y—y?+2¥+3—-yt=12 
2y? —2y=0 
yy —1) =0 
ra y=0 or y=1 
When 
y=0,x = 3; when y = 1,x =2. (Since x = 3 — y) 
Thus the solutions are x = 2,y = 1; x =3,y=0. 
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We could, of course, have used y = 3 — x and obtained an 
equation for x on substituting this into the second equation. 


Example 2. Solve the equations x? — y? = 3, 2x? + xy — 22 =4 
in which the terms involving the unknowns are all quadratic in both 
equations. The solution can generally be obtained by writing 
y = mx and proceeding as follows: 

The equations can be written 


x*(1 — m’) = 3 
x°(2 + m — 2m’) = 4 


4 — 4m*® = 6 + 3m — 6m’? 
2m? — 3m —2=0 
(2m + 1)(m — 2) =0 
m=2 or m=-—}4 
With m = —4 we have 3x? = 3 
xw=4 ie x= 42 

The corresponding values for y are --l. (Since y= mx.) With 
m = 2, we have x°(—-3) = 3; .°. x? = —1, and this equation has 
no solution in the domain of real numbers. Thus the solutions are 
x=2,y=—l; x=—2,yH=1. 
It is not usually possible to give general procedures for the 
solution of simultaneous equations which do not fall within the 


categories just mentioned. Rather each problem must be considered 
on its merits and the solver must use his own ingenuity. 


Example 3. Solve the equations 


ei ded, 
y 


1 
y+o=4. 
x 
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The equations can be rewritten in the form 
xy+tl=y 
xy +1=4x 
y = 4x which on substitution gives 
4x? + 1 = 4x 
i.e. 4x? — 4x +1=0 
(2x — 1? =0 J x=h 
But since y = 4x, y = 2 and the solution is x = }, y = 2. 
Example 4. Solve the equations xy —x=4, xy —y =3. 
On subtracting the first equation from the second we have 
x—-y=-l 
i.e. x=y-—1 
If we substitute this into the first equation we have 
y¥y-D-Q-Y)=4 
Le. yi—2y—-3=0 
(y — 3)y + 1) = 9 
y=3 or py=l. 


Since x = y — 1, when y = 3, x = 2, and when y = —1, x = —2. 
The solution isx = 2, y= 3; x=-2, y=-l. 


Exercises 1b 
Solve the simultaneous equations 1-10: 


1. x + 2y = 3, x? — xy + Sy? + 2y = 7. 
2. x+y =1,x9+xy+ 3x—-y = 4. 
3. 2x — 3y = 1, x® + xy — 4y? = 2. 
4. x? + 2xy = 3, 3x? —~ y? = 26. 
5. x® + y? = 13, x? — 3xy + 2y* = 35. 
6. x® — xy + Ty? = 27, x? — y? = 15. 
- 1 35 
7.x ee Ae ==-. 
ey yoa 
g. x?+ y?= 10,4 ce oa 
y 3 


INEQUALITIES 


9. x? — y? = 24 4 + eee 


*xty x—-y 12 
10, = + Baa xt — any + ad, 








1.4. INEQUALITIES 


In this section we shall consider the rules governing the relation- 
ships between numbers which are not equal. For any two real 
numbers a and db, we say that a is greater than Wa > b) if a — bis 
positive. We say that a is less than b (a < b) if a — b is negative. 
In terms of the representations of numbers on a line (Figure 1.1) 
a > bif ais to the right of b; a < Dif ais to the left of b. Thus we 
have by definition 


a>b if a—b>O and a<b if a—b<0....(13) 
e.g. 5 > —3 since 5 — (—3) = 8 is positive ie. >0. Also —3 < 


—1 since —3 — (—1) = —2 is negative ie. <0. 
I. We first show that if a > b then 
at+x>b4+x .. (1.4) 


where x is any real number. 

For ifa>b,a—b=c>0 
at+x—(b+x)=a+x—b—x=a—b=c 
a+x—(b+x)=c>0 

ae at+tx>b+x by definition. 
In the same way if a < b 

a+x<b+x + (1.5) 
thus, as with equations, we may add the same number to both sides 
of an inequality and still preserve the inequality. 


e.g. 5 > —2 and after adding 6, 11 > 4. 
6 < 9 and after adding —3, i.e. subtracting 3, 3 < 6. 

We cannot however, treat inequalities in the same way as equations 
if we multiply both sides of the inequality by the same number. 
Rather we have: 

Il. If a> b, ax > bx if x is positive, but ax < bx if x is negative 

... -(1.6a) 
Similarly if a < b, ax < bx if x is positive, but ax > bx if x is negative 

...-(1.6b) 
We shall prove this for the case a > b. 
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Then, a — b = c where ¢ is positive 
ax — bx = cx which is positive if x is positive, but negative if 
x is negative 
ax —bx>0 if x>0 
ax— bx <0 if x<0 


which is the required result. 

Thus if we multiply both sides of an inequality by a number we 
must be sure that this number is positive; otherwise the inequality 
sign has to be reversed. 

e.g. 7>3 


and 21 > 9 after multiplication by 3 
2 but —14 < —6 after multiplication by —2. 
Il. If a>b and e>d thn a+e>b+d....(1.7) 


e.g. 7>3 and —4>-7 and 3>—4 
(N.B. It does not follow thata —c > b—d 
e.g. 11>10 and 9>2 but 11—9< 10 —2) 
IV. If a>b and b>c then a>e ..» (1.8) 
€.g. 8>7 and 7>2, and 8>2 


N.B. If a>b and b<c then we can say nothing about the 
relative magnitudes of a and c. 
eg. 9 >2 and 2 < 8 and of course 9 > 8, but we could equally 
well have had 9 > 2 and 2 < 11 with in this case, of course, 9 < 11. 
V. Ifa > band c > dand a, b, c, d are all positive, 
e 
c 
e.g. 9>2 and 6> 3 and of course9 xX 6>2 x 3 ie. 54> 6. 
VI. If a > 6 and a and B are both positive 


| ee nee Paes 


ac>bd and “> + (1.9) 


ea aes corte Sm See 
indeed a">b" if n>0 
a"<b" if n<O0 ... (1.10) 
e.g. 3>2 and 33> 23, ie. 27>8 
but 377 < 2-3, ie. 2<q. 
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Example 1. For what values of x are both the inequalities 
9 + 2x > 0 and 7 — 3x > 0 true? 

If 9+ 2x >0, 2x > —9 ie. x > —2. If 7—3x>0, —3x > 
—T7, ie. x <4 (Note the reversal of the sign). From Figure 1.2 
we see at once that both inequalities are true for —3 < x < 4. 








x>—} x<¥ 
> c—— 
—————-————_—|—-—_—_—— _ 
—% 0 
Figure 1.2 


2x +1 aes 

x+2 2 
We multiply both sides of the inequality by (x + 2)? which we 
know is positive. Thus we can be sure that the inequality sign is 
preserved correctly. Thus we have: 


(2x + I(x + 2) > 4 + 2)? 
2(2x + I(x + 2) > @& + 2)? 
(x + 2)(4x + 2) — (x +2)? >0 
(x + 2)(3x) > 0 


This will be true if x > O and x + 2 > 0, orifx <Oandx+2<0 
i.e. both factors are positive or both factors are negative. 

The first two inequalities are true if x > 0 and the latter two 
inequalities are true if x < —2. This can be clearly seen if the 
following table showing the signs of the factors is drawn up. The 
individual factors change sign at 0 and —2. 


Example 2. Find the range of values of x for which 










3x 
x+2 
3x(x% + 2) 


Thus the original inequality is true if x > 0 or x < —2. 


Example 3. Determine the range of values of x for which 
xve+tx—2_ 1 


xt+4 2 
We notice that x?-+ 4 being the sum of two squares is always 
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positive. Thus we can multiply both sides of the inequality by 
x* + 4 and still preserve the sign. Thus 


e+t+x—2>4074+4) 
2x? + 2x —4>x°+4 
x?-+2x—8>0 
(x + 4)(x — 2) > 0. 


We draw up our table showing the signs of the individual factors. 
The individual factors change sign at —4 and 2. 










x+4 








ee 
(x + 4)(% — 2) 
Thus the inequality is true if x < —4 or x > 2. 


Bae Ds: a 


27 x— 
Here we must multiply by the positive factor G — 2)%(x — 3}? to 
obtain 


Example 4. Solve the pc aca ea 


(x + 3)(x ~ 2)(% — 3)? > (& + IY — 3) — 2) 
(x — 3)(x — 2)[( + 3)(x — 3) -—@ + I) — 2)) > 0 
(x — 3) — 2)? —9 ~ (0? —x —2)] >0 
(x — 3)(x — 2)(x — 7) > 0 


Again we draw up our table showing the signs of the individual 
factors, which change sign at 2, 3 and 7. 












(x — 2) 
(x — 3) -+ve 

(x — 7) -+ve 
(x — 2)(x — 3) — 7) 


Thus the original inequality is true if2 <x <3orx>7. 

We shall in later chapters have cause to use the notion of the 
modulus of a number x. The modulus of x is the positive number 
having the same magnitude as x. It is written |x|. Thus [3| = 3, 
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INEQUALITIES 


|—6| = 6, |—2| = 2, |—1]| = 1. In general if x is positive |x| = x, 
but if x is negative |x} = —x. With this notation the range of values 
of x specified by the inequality —1 < x < 1 can be specified more 
concisely by |x| < 1. 


Example 5. Find x if |x + 1] = 5. 
We havex +1=Sorx+1=—5 
. x=4 or x=-—6 


Example 6. Find x if |2x + 1| > 7. 

|2x +1] >7 means 2x+1>7 or 2x+1<-—7 
Thus we have 2x > 6 or 2x < —8 
: x>3 or x< —4 





The Inequality of the Means—The arithmetic mean ae of two 


2 
positive numbers a and 6 is greater than or equal to their geometric 
mean ./ab. For we have, if a and b are positive, 


(Ja — Jb > 0 
a+b—2/ab>0 
ae Jab ... (M1) 


which proves the result. 


Example 7. If a, b, c, d are any real numbers, prove that (4) 
a’ + b* > 2a%b? and (ii) at + b4 + ct + d* > 4abed. 
(i) By equation (1.11) we have 


4 4 
as > Jatbt = a®b? 


at + b* > 2a°b*. 
“W By the previous result we have 
at + b¢ + ct + d* > 2ab* + 2c7d? 
But 2ab? and 2c*d? are two positive numbers and so by equation 
(1.11) 
222 232 
me tie > a/(4a*b’c*d") 
i.e. 2a*b? -++- 2c7d2 > 4abcd 
: at+b*+ct+d4>4abed by equation (1.8). 
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Note the result will certainly be true if some of a, b, c, d are 
negative, so that abcd is negative, since the left-hand side is certainly 
positive. 


Example 8. Show that if a, b, c, are real numbers, a® + b? + 
c® — be — ca — ab cannot be negative. 
We have 
a? + b? > 2ab 


5? + c? > 2be 
c+ a*>2ac by equation (1.11) 
On adding these results we obtain by equation (1.7) 
2(a? + 6b? + c*) > 2(ab + be + ca) 
. @+6+¢%>5ab+be+ca which is the required result. 


Exercises Ic 


1. Solve the inequalities 3x + 11 > 0 and 8 — 7x > 0. 
2. Find the values of x which satisfy 2x? — 7x + 9 < x? — 2x + 3. 


<-1? 





3. For what values of x is 


4. For what values of xis Bac 
5. Solve the inequality *—! = =? 
x—2 x—3 

2 

2x eae ele, § 
3x + 5 

: . 2x*®—3x4+5 1 
7. Solve the inequality —————-——- < -., 
, a xw4+2x+6 2 

8. Find x if |x + 3] = 2. 


9. Find «itl = 1. 
x +1 


10. Find x if |x + 3] > 5. 
11. Find x if [2x + 3] <1. 
12. Ifaand bare positive numbers show that (i) a +2 > 2, and 


(ii) that (a + (4 +4) > 4, 


13. If a, b, and ¢ are three positive numbers show that (a ++ b) x 
(b + che + a) > 8abc. 





6. Solve the inequality 
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14. Show that x° + y® > x*y + xy? if(x + y) > 0. 

15. Verify that a®+ 6° + c?—3abe = (a+ b+ 0248+ 
c? — ab — be — ca); henée show that if a, b, ¢ are all positive, then 
a + 53 +c? > 3abe. 


1.5. ELIMINATION 


In section 1.3 we considered methods for the solution of two 
equations in two unknown quantities. If we have more equations 
than unknowns, two equations in one unknown, or three equations 
in two unknowns, then in order to obtain a consistent solution to the 
equations the coefficients must satisfy some relationship. This 
relationship is known as the eliminant of the system. It is obtained 
by forming from the given equations an equation which does not 
involve the unknowns. This process is known as the elimination of 
the unknowns. It is a technique which is of great value in co-ordinate 
geometry. 


Example 1. Eliminate ¢ from the equations x = at?, y = 2at. 
From the second equation we can solve for ¢ in terms of y, i.e. 


t= a . Substitution into the first equation gives 


ae y? = 4ax which is the required result. 


Example 2. Eliminate ¢ from the equations 


ee ee 
1+2’ 142° 
We have y/x = t. Substitution in the first equation gives 
ee PE 
1+ yx? (x? + yA)/x? 
‘ xy 
.e. x=; 
; x+y? 
x(x? + y?) = xy 


Example 3. Eliminate / and m from the equations /x + my = a, 
mx —ly=b,P +m =1. 

The straightforward procedure would be to solve the first two 
equations for / and m in terms of a, b, x and y. Substitution of these 
expressions into the last equation would then provide the eliminant. 
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However, in some cases (as in this case) it is possible to use more 
subtle methods. In the present case if we square the first two 
equations and add the results we obtain 
[2x2 + mx? + my? ++ Pye — @ + b2 
ie. (x + y)\(? + m’) = a + B 
and since 2 + m? = 1 
x2?-+ y®=a?+ 5? — which is the required eliminant. 


Exercises Id 


1 
1, Eliminate t from the equations x = 1+ %¢,y=1+ Pe 


1 
2. Eliminate ¢ from the equations x = 34 ®,y=2+ re 


1 1 
3. Eliminate t from the equations x = Pa geek ae 1. 


2at (1 — t*) 
- ttf 142’ 
5. Eliminate 6 from the equation x — acos 0 = 0, y — bsin@ = 0. 
6. Ifx = 1+ 2, y = 2t, show that y? = 4(x — 1). 
7.1f x=1—f and y=1+S5t—? show that (x —y)? = 
25(1 — x). 
8. Eliminate x and y from the equations x —y = a,x*+ y?= 
By xy = 1. 
9. Eliminate x and y from the equations x — y= a,x + y=), 
xyp=e 
10. If x + 2y? = a, x — 2y? = b, xy = 2, show that 
(a + b)(a* — b*) = 64. 


1.6. PARTIAL FRACTIONS 


Our readers will already be familiar with the technique of forming 
the sum or difference of two or more algebraicfractions. Forexample: 


2 2 
Ifx = show that +4 = 1. 
a 








1 2 x+1 x+1+2(x—1), x+1 
f= pal eee x—1 Ta | 
ese et 


x—1 x*+1 
Ss (x? + 1)3x — 1) + (* + DO? — 1) 


PARTIAL FRACTIONS 


For the purposes of expanding such a complicated algebraic 
fraction in powers of x, or for integrating such a fraction with respect 
to the variable x, it is often necessary to carry out the reverse 
procedure, i.e. to resolve such a fraction into the sum of two or more 
partial fractions. The denominators of these partial fractions are 
the factors of the denominator of the original fraction. The technique 
is governed by a few simple rules: 


I. If the degree of the numerator is greater than or equal to the 
degree of the denominator it is possible to carry out a division to 
obtain a quotient together with a fraction whose numerator is of 
lower degree than its denominator. This latter fraction is then 
resolved into partial fractions. 

Il. To each linear factor of the form x — a in the denominator 


‘ : A , 
there corresponds a partial fraction of the form —— where A is 
constant. , aid 
x® + x2 + 4x 

xX tx—2- 
The numerator is of degree 3, the denominator is of degree 2, so we 
divide 


Example 1. Resolve into partial fractions 


x 
x? x—2 )x8+ x? 4 4x 
x8 + x2 —2x 


6x 
3 2 
EO a i es 
xr+x—2 xe+x—2 (x + 2)(x — 1) 
We set e A B 





(x + 2)(x — 1) x—-1 %x+2 
To determine A and B we multiply throughout by (x + 2)(x — 1) to 





obtain 6x = Ae +2) 4 Be —1) 
By putting x = 1 we obtain 6(1) = A(i + 2) 
ie. 6 = 3A, . A=2 
By putting x = —2 we obtain 6(—2) = B(—2 — 1) 
ie, —12 = —3B, . B=4 
x8 + x? + 4x 2 4 
x*+x—2 SE oa 


* The sign = is to be read as “identically equal to.” 
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(An alternative procedure for determining A and B is as follows.) 

We can make A(x+2)+ BXx—1)=(A+B)x+2A4—B 
identically equal to 6x by choosing A and B so that the coefficient of 
x, viz. (A + B) is equal to 6, and the term independent of x, viz. 
(2A — B) is equal to zero. Thus we would have A+ B= 6, 
2A — B=0 whence A = 2, B= 4 as before. We shall find that 


both these techniques for determining the unknown quantities are 
valuable. 


Example 2, Resolve into partial fractions 
3x? — 4x +5 
(x + 1)(% — 3)(2x — 1)” 


The degree of the numerator is less than the degree of the 
denominator. Thus we set 


3x* — 4x + 5 ah 4B, Cc 
(x+ D(x —3)\2x-—1) x+1 x*x—3 2x—1 
Multiplication by (x + 1)(x — 3)(2x — 1) gives 
3x* — 4x + 5 = A(x — 3)(2x — 1) 
+ Bx + IQx — 1) + Cx + IY — 3) 
with x = —1, we have 3(—1)? — 4(—1) + 5 = A(—4)\(—3) 








i.e. 12 = 124A, . A=1l 
With x = 3, we have 20 = 208, . B= 1 
With x = }, #— ¢(- ‘8), 2 Cet 
4 4 
3x* — dx +5 1 1 1 








GLDG = 30a 1) x41 4-3 dea 


If we use the second technique (not so convenient in this case) to 
determine A, B, and C we obtain the equations 


24+2B+ C=3 
—7A + B-—2C= —4 
3A — B-—3C=5 
which have solutions A = 1, B= 1, C = ~1. 
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II. To each quadratic factor in the denominator of the form 

ax* + bx + c which does not have linear factors there corresponds 
F : Ax+8B 

a partial fraction of the form pee aaa erage where A and B are 


constants. 
2 
Example 3. Resolve into partial fractions Were ile stench ee ; 
(x — 1)(x* + 2x + 5) 
3x?4+-8x +13 _ A Bx +C 


We set = ee 

(x — 1)? + 2x+5) x-1 x*7+2x+5 
3x? + 8x + 13 = AGP? + 2x +5) 4+ — I(Bx+ ©) 

=x(A+B)+x24—B+C)+5A—C 

With x = 1, we obtain 24 = 8A, . ASS 

If we make the coefficients of x? equal, A + B= 3, .. B=0 

If we make the terms independent of x equal, 5A — C = 13, 

wo C= 2 

It is easy to see that with these values for A, B, C the coefficients of 

x are also equal, 


3x? + 8x + 13 = 3 4 2 
(x —1(x?4+2x+5) x—-1 x?4+2x+5 


; . . _. 2x® + 2x + 10 
Example 4. Resolve into partial fractions (x NG? + 9)" 


2x*+ 2x+10 A Bx +C 
(x+1)0?+9) x+1 x49 
2x? + 2x + 10 = A(x? + 9) + (x + D(Bx4+ C) 
With x = —1 we have 10A = 10, = As 
If we make the coefficients of x* equal, A + B= 2, oe oR 
A 


If we make the terms independent of x equal, 10=9 
2 Ee =A, 


We set 


=1 
+ ¢, 
2x*+2x+10 1 x+1 
(x+DO7+9) x+1 x49 


IV. To each repeated linear factor in the denominator of the form 
(x — a)? there correspond partial fractions of the form 


A B 
oa Go 
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For repeated linear factors of the form (x — a)* there are partial 


B 
+ ——, - ete. 
x—a (x—ay (x—af 
V. To each repeated quadratic factor in the denominator of the 
form (ax? + bx + c)? there correspond partial fractions of the form 


Ax +B Cx + D 
ax? + bx +e (ax? + bx + c)* 


3 y2 
Example 5. Resolve into partial fractions a at) ey 
(x — I(x? — 1) 
The denominator (x — 1)? — 1) = x8 ~ x*» — x 4+ 1 is of the 
same degree as the numerator. We divide 








fractions of the form 


1 
x8 — x?@—x41 )x8— x?-— 3x45 
x8 — x*@—~ x +1 





—2x+4 
xi —xi-~3x+5_, 4 — 2x 
(« ~ DQ? — 1) (x — DG? — 1) 
= 4 — 2x 
(x = Dx +) 
4 — 2x A B C 


We set 








GG) 41 sa1 sa)! 
4 — 2x = A(x — 12 + Bee — Dow FD 4+ Cx +1) 








With x = 1, we obtain 2C = 2, S.C 
With x = —1, we obtain 4A = 6, . A=? 
If we make the coefficients of x? equal, A + B = 0, . B=? 
xt ~ xt —3x+5_, 3 = 3 4 1 
(x — 1)(x + 1) Ax+1) %Ax-1) (~— 1) 
; ‘ : 7 — 2x 
Example 6. Resolve into partial fractions ————_—_. . 
(x + 1)(x — 2)° 
Weset __?— 2x _ ___—_A B c 











Ga De vel x= 8" Geos 
7 — 2x = A(x — 2)? 4+ Bx + D& — 2)4+ Ce 4+ 1) 
Withx=2, 3C=3, |. C=1 
Withx=—1, 94=9, * A=1 
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If we make the coefficients of x? equal, A + B = 0, 2 B=-l 


i eee See ee eee | 
(x +1)(x—2)? x+1 x-2 (x—2/ 
Exercises le 


Resolve into partial fractions 1-10 and verify your results. 





1 6x — 10 7 x? — x? — 4 
“x? 2x —3 “xy? _ 4 
4x + 11 13 — 5x? 
"(x7 + 4x — 5) "x? — 1)(x + 3) 
x+4x —7 6 xe+2 
“(x + DG? + 4) " (x? +4 2x + 3)2x + 1) 
2x4 — 2x8 + 4x? — 2x 8 Ix +2 
(x — DG? + 1 " (2x — 3x + 1? 
2x® +. 2x? + 2 x? 
‘Oa De 4 1 a: 3 
(x + 1)*(x? + 1) (x + 1) 


1.7. INDICES 


The product of a number with itself, a x a, is called the second 
power of a and is written a*.a X a X a, written @°, is called the 
third power of a. a X aX a X ... to m factors, written a™ is called 
the mth power of a. The number which expresses the power is called 
the index or the exponent. Thus the index of a? is 2, the index of a® 
is 3, the index of a” is m. 

When the algebraic processes of multiplication and division are 
carried out with different powers of the same number the indices 
combine according to certain fundamental laws. In the proofs of 
these laws which follow we assume m and n are positive integers with 
m> n. 


I. a™ x a® = a™n ... (1.12) 


For a™ X a® =(aXaxXaxX...tom factors) X (axaxX...to 
n factors) whichis clearlya Xa xX aXaX...to(m+ n) factors = 
a™+” by definition. 


Il. a™ — a" =a" ...-(1.13) 
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For 
a™ axaxax...tom factors 
a” axaxax...ton factors 
=axaxaxX...to(m— n) factors 
=aq"" 
TW. (a™)" = a™ ... (1.14) 


For (a™)" = a™ x a™ X a™ X ... ton factors 
=(axaxaxX...tom factors) 
x(aXaxXaxX...tom factors) ...n times 


=axaxaxaxX...tomn factors 


= qn 


The laws (1.12), (1.13), (1.14) have been proved for m and n 
positive integers. Indeed we have no meaning for a” unless m is a 
positive integer, the definition of a” as the product of m factors each 
equal to a being meaningless unless m is a positive integer. We shall 
generalize our concept of power to include indices which are 
fractional and negative. This generalization is carried out in such a 
way that the rules (1.12), (1.13), (1.14) remain valid. We do not 
want one set of rules for positive integer indices and another set of 
rules for fractional indices. The rules stated in section 1.1 are true 
whether a, b, c are integers, rationals etc., indeed if they are any real 
numbers. In the same way we require the rules (1.12), (1.13), (1.14) 
to be universally true. 


The Meaning of a!" where n Is a Positive Integer—Since we require 
(1.12) to remain valid 


a” .ql/" | gil" to n factors = gl/mti/nti/nt... — gq 
ae (al/")" =a 
ie ain = xa oe (1.15) 


The Meaning of a™!" where m and n Are Positive Integers—Since 
(1.12) is to remain valid 


ami” amin | ton factors = a™/"tm/n+... — gm 
(a/n)” == qm 
amin == ¥/a™ ... (1.16) 
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An alternative and equally valid interpretation is 
amin = (¥/a)™ - (1.17) 


The Meaning of a°—Since we require (1.12) to remain valid for all m 
and n we have with m = 0 


a. a" = a" = q” 
a = ala" = 1 
a= 1 for all values of aexcepta=0 ....(1.18) 


The Meaning of a~"—Since we require (1.12) to remain valid for all 
m and n we have with m = —n 


a®-q-™"=a™" =q®=1 
a? =— ... (1.19) 


With these definitions it is easy to see that the rules (1.12), (1.13), 
(1.14) remain valid for all values of m and n. 


Example 1. Evaluate (i) (81)?/4 ~— (ii) (16)-5/. 

(2) (81)°4 = (81)? = 3° = 27 

Note that it is more convenient to use (1.17) rather than (1.16): 
(81)*/4 = $818 = ~/531,441 which we are unlikely to recognize as 
27. 

(ii) 16-5/4 = 1/1654 = 1/(4/16)® = 1/25 = 1/32. 


Example 2. Show from the definition that (S!/4)'/2 = 51/4.1/2 — 51/8, 
5u4 = 5 where (4/5) = 5 
(SUA 9/514 = (4/5) = /5 where (4/5)? = 5 


(5/41/28 — 51/8, 


Example 3. Show that (a”)" = a™" for all m and n. 

We show this by allowing m to be any value and considering in 
turn the cases where a is (i) a positive integer (ii) a positive fraction 
(iii) any negative value. 

(i) If n is a positive integer 


(a™)” = a™ . a™ to n factors 
oe qnimim+... = qm 
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(ii) If nis a positive fraction say p/q where p, q are positive integers 
(any" = (any 
Now [(a™)?/2]}* = (q™)?/4-4 = (Q™)? = am? by (i) 
(a)? = o/qm? = gmvla — gm 
(iii) Finally if n is negative, we replace it by —k where k is positive 


(a™)" = (a™ —he 
and (a) * = — =—=q™=q™ as required. 


Exercises If 
1. Evaluate (i) 275; (i) (36)-®/2; (iii) (8)"8; (iv) 16-04, 
x7 ?y8z-4 . 9 


a= 97q.) 
x3y-324 





2. Express with positive indices (i) 
3 —4 
ip ee. 
Y/ ‘abe 
3. Show that /x —Ja= 





x*— a 


cae + Ja 
vet ve) Deduce that -———- = esre 
Vx +./a x — =e a x—a 

4. Simplify (4.2771 — 2"+9)/(2"+1 — 2"), 

5. Show that (xy)” = x"y". Treat separately the cases 7 is (i) a 
positive integer (ii) a positive fraction (iii) a negative quantity. 


(int: multiply by 


1.8. LOGARITHMS 


The logarithm of a positive number N to the base a is defined as the 
power of a which is equal to N. Thus if 


a =N + (1.20) 
then x is the logarithm of N to the base a, written 
x = log, N oe. 1.21) 


(1.20) and (1.21) are by definition equivalent and so we have 


q8aN _ N ws (1.22) 
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Since we have a! = a and a® = 1 it follows that 
log,a=1 ... (1.23) 
log, 1 = 0 + (1.24) 
for all a (40). 


Example I. Evaluate (#) log, 9 (ii) logy 3 (iii) log, 64. 
(i) Since 3? = 9, logs 9 = 2 
(ii) Since 91/2 = 3, logy3 = 4 
(iii) Since 43 = 64 log, 64 = 3 
The laws for the manipulation of logarithms are derived directly 
from the laws of indices: 


I, log, (bc) = log, b + log, ¢ ++ (1.25) 
For if log, b = x and log, ¢ = y 
b=a® and c=a’ 
be = a®. a” =a*" _ by (1.12) 
log, (bc) = x + y = log, b + log, c 


Il. log, (2) = log, b — log, c w+ (1.26) 


For we now have with the notation above 


b HW ge py (1.13) 


¢ 
b 
log, (*) =x —y = log, b — log,c 
c 


Ill. log, (b”) = p log, b + (1.27) 

For with the notation above 
b? = (a)? = a” 
log, b? = px = p log, 5 

We have just seen in Example’ 1 that the logarithm of a number 
may be calculated to any base. Tables of logarithms to the base 10 
(common logarithms) are in existence and are very useful for 
arithmetical calculations. It is not difficult to use these tables to 


calculate the logarithm of any number to any specified base. We 
need the following transformation rule: 


log, N = log, b. log, N » + (1,28) 
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For if y = log, N, N = b” 
log, N = log, (6”) = y log, b 
log, N = log, b . log, N 
If we put N = a in (1.28) we obtain 
log, a = log, b- log,a = 1 





log, b = 2. (1.29) 
log, a 
Another useful form for (1.28) is then 
log, N = S28 + £(1.30) 


log, a 


Example 2. Use the table of common logarithms to evaluate 
(i) log, 9; (ii) logs 16. 





No. Log. 
0:9542 T-9796 
(i) log, 9 = logio 9 ~~ 0:9542 = 3-17 0301 T-4786 
logip2 0-301 eaten careers 
as login 16 1:2041 —_— 
(ii) logs 16 = —-!— = ——— = 2-524 1/2041 0-0806 
logio3 04771 04771 | — T-6786 
0-4020 


2 
Example 3. Show that log, (a? — x) = 2 + log, (: - *) : 
a 


2 
log, (a? — x*) = log, [ar(1 _ =) 
a 


2 
= log, a® + log, (1 = =) 
a’? 


= 2 + log, (1 3) 
a 
Example 4. Show that log, b . log,c.log,a = 1. 
log, b. log,e =log,c _ by (1.28) 
log, b . log, c. log, a = log, c. log, a 
= log,a=1 
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EQUATIONS IN WHICH THE UNKNOWN IS AN INDEX 


Exercises Ig 
1, Evaluate (i) logs 27; (i) logs 27; (iii) loge 16; (iv) logis 32; 
(v) log, x8; (vi) logs y; (vif) Logie X*3 (viii) logy» x”. 


2 
2. Show that log, (a + b)? = 2 + log, (: + 2b +4). 
aoa 


3. Evaluate (i) loge 12; (ii) log, 24. 
4. If log, b = log, c = log, a show thata = b= c. 
5. If u, v, s, t are all positive show that 


o£) mn) (2) me) 0) me) 


the logarithms all being to the same base. 


1.9. EQUATIONS IN WHICH THE UNKNOWN 
IS AN INDEX 


Some of the techniques used to solve this type of equation are 
illustrated by the following examples. 
Example 1. Solve the equation 3° = 9*+4, 
3x7 — ord —. (32)"+4 == 32(@+4) 
Taking logarithms to the base 3 we obtain 
x? = 2(x + 4) 
x*— 2x —8=0 
(x — 4)(x + 2) =0 
x=4 or x=-2 
Example 2. Solve the equation 28°47 = 5°+7. 
Taking the logarithms on both sides we obtain 
(3x + 1) logyy 2 = (x + 1) logiy 5 
3 logio 2 = logio 5)x = logio 5 =a logio 2 
(logio 8 — logio 5)x = logio 5 — logio 2 
af logio 5 — 10819 2 = logio 3 
login 8 —logip5 logis & 








No. Log. 
_ 03979 __ 4.95 03979 | 1-5998 
0:2900 


OPERATIONS WITH REAL NUMBERS 
Example 3. Solve for x, 9° — 4 x 3*+3=0. 
(32)? — 4 x 37+3=0 
327 _ 4x 3*4+3=0 
3°)? —4 x 3*°+3=0 
(3" — 1)3* — 3) =0 
3*=1 or 3*=3 
x=0 or x=1 
Example 4. Solve for x, log, 9 + log,» 3 = 2°5. 
We first try to express all the logarithms to the same base. 


Bee by (1.28) log.s3 = log,» x. log, 3 and log,» x = 4} since 
— ye = x 


log,: 3 = $ log, 3 = log, 3 = log, ./3 
Thus the equation becomes 
log, 9 + log, ./3 = 2:5 
log, 9/3 = 2'5 
9,/3 = x®5 — whence by inspection we see that x = 3 
Otherwise logiy 9./3 = 2:5 logis x 
login 9/3 logy 3*® 
2:5 2°5 


x =3 





logig X = = logiy 3 


Example 5. Solve the equations 27+” = 8, 3?*-¥ = 27, 
From the first equation we have, after taking logarithms to the 

base 2, 

x+y=3 
From the second equation after taking logarithms to the base 3 

2x —y=3 
Thus our equations are equivalent to 

x+y = 3, 2x — y = 3. 


(These equations would have resulted, after some simplification 
whatever base had been chosen for the logarithms.) 


28 


EXERCISES 
On adding 3x = 6, x = 2 and so y = 1 
the solutionis x=2 and y=lL. 


Exercises lh 


. Find x if 3% = 7-83. 

. Find x if log, 2°69 = 2. 

. Solve for x (i) 32*1 = 5*; (ii) 747+? = 99-1, 

. Solve the equation 2” = 48*. 

. Find x if 9% = 35%, 

. Solve the equation 52% — 54+* + 6 = 0. 

. Solve the equation 42* = 28°71, 

. Find x if log, 8 — log,: 16 = 1. 

Find x if log, 3 + logs x = 2°5. 

. Solve the simultaneous equations 27+” = 6, 37-4 = 


SOMADNAWNE 


— 


EXERCISES 1 


1. Solve the simultaneous equations x + 2y = 7, x? + 2y? = 17. 
(W.J.C.) 
2. Express (2x? -+ 8x + 7)/(x® + 4x + 5) in the form 


b 
~@+ort+d 


and state the values of a, b, c, and d. 

3. Solve the equation 2”. 3*-* = 6. 

4. Show that (a + ,/b)? = a* + b + 2a,/b. Hence evaluate the 
square root of 9 + 4,/5 in the form ¢ + Jd. 

5, Given the simultaneous equations x? — 6xy + ily? = 3a’, 
x? — 2xy — 3y® = 5a? derive an equation in x and y only, and hence 
solve the equations for x and y in terms of a. (N.U.J.M.B., part) 

6. Express in partial fractions (8x + 15)/Q? + 4)(* — 3). 


a 





AX = = 4 y= “C= show that (¥ + a = 4aX. 
8. Solve completely the equation (x? + x)? = 5x? + 5x — 6. 
dee 2 L.U., part 
9. Express in partial fractions =, ( pat} 
(3 — yl — y) 
. . x(x — 2) 
10. Find the range of values of x for which —-—— > 2. 
x 
il. For what values of x is t=) > 0? 
x +3 
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12. By putting y= x at os solve the equation 2x* — 9x + 
14x — 9x +2= é. 

13. Solve the equation des —-)I)-—J@-)=1. 

14. If p? = qr show that log, p + log, p = - oe log, p. 

15. Solve the equation logs x + log, 3 = 

16. Solve the inequality x=" oe em 3 

17. Verify that (J? +- m? + n?)(x® + ‘3 + 2°) — (Ix + my +z)? = 
(ly — mx)* + (mz — ny)? + (nx — 1z)?. Deduce that (/x + my +12)? < 
(2 + m+ n)\(x2 + y? + 22). 

18. If a, b and ¢ are positive and unequal show that 

(a+ b+ c)? < 3(@ + b? + c?). 


19. If a, b, c are positive and unequal show that 
@t+o+o(t +i +4) > 9 
20. Solve the equation 277° = 3 x 9°?, 
21. By making the substitution y = x + = , Solve the equation 
x* + 8x3 + 17x% + 8x +1=0. (W.J.C., part) 
22. Solve for x: logy, (= + 24) = 1. 
23. oS for * 2* x oa 5271, 


24. ir 4 “42 == 12 and Sonar = Ll find the values of uv and 


3 





hence solve thee equations. 
25. Solve the equation //(2x + 3) — J (x — 2) - = 2, 
2 
26. If x = ty = show that 55-7 = 1, 
27, If a and ‘ are two real numbers such that a + b = 1 prove 
that 4ab<1. Hence or otherwise show that a? + b? > 4. 
(J.M.B., part) 





28. Find y if | == 23 <2. 


29. Use the Bae sf question 17 to show that (a? + b? + c3? < 
(a? + b* + c*)(at + bt + 4). 

30. Solve the equation logy, (x? + 9) — 2 logig x = 1. 

31. Solve the equations x + 2y = 3, 3x? + 4y? 4 12x =7. 
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32. Solve the equations 3°**¥ = 12, 27-¥ = 4, 


(= Ie — 3), 0? 
x—4 


34. Solve the equation 27+®* + 3 x 27-—1=0. 
35. If a? + b® = 23ab show that log a + log b = 2log (¢ + e) 
y+1 
; 3y —7 
1 
37.1f x=VWp+a-, y= +-— show that y?>—2= 
Pees “/p wp’ Jp ie y 


*38. By putting « = loga, BP = log b, y = logc in the identity 
a(8 — vy) + B(y — a) + y(« — B) = 0, show that 


i a ( ae b ( “= c 
= -f- e[- tal 
c a b 


where the logarithms are taken to any base. 
*39. Given the simultaneous equations x + yz = y+ zx =z+ 
xy, x*+ y2+z?= 6, show that x=1 or y=z and hence 


33. For what values of x is 





36. Solve the inequality 





> 1. 


solve the equations. (J.M.B., part) 
*40. Find in terms of k, a solution of the equations 
x+y+kz=4 
x—2y—z=1 


kx + Ty + 5z = 10 


For what values of k is this solution not valid? 
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2.1. SEQUENCES AND SERIES 


Sequences 


A sequence, or progression, is a set of numbers in some definite 
order, the successive terms (or numbers) of the sequence being 
formed according to some rule. 

For the following sequence, the sequence of positive integers 
1, 2, 3,4,... the rth term is the integer r; for the sequence 1, 4, 9, 
16,... the rth term is the number r?. 

It is usual to denote the rth term of a general sequence by u,, and 
the sequence by u;, up, ug...u,.... The rule defining a sequence 
is often given in the form of some formula for u, in terms of r although 
this is not necessarily so. (See Example 2.) Thus for our first 
sequence u, = r; for the second sequence u, = r?. 


Example 1. Find u, in terms of r for the sequences: 
@) 3,5,7,9,... ‘ 
@MLLbRw a. Ft 
(iii) 1, 4, 3, 16, 5, 36, 7, 64,... 
(iv) ~1,1, —1,1, —1,1,... 
(v) 1, —2, 3, —4, 5, —6,... 
(i) By inspection we see that the terms can be written 


2x14+1,2x*2+1,2x3+1,2x441,... 
u,=2r+ 1. 


(ii) By inspection we see that the terms can be written 


1 1141 
y2? 92° 327 4a?’ 
ie 
r ro 
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(ii) If r is odd, u, =r, if r is even u, = r®. Since 27 is always 
even and 2r + 1 always odd, we,4,; = 27 + 1, ue, = 4r? adequately 
describes the sequence. 

(iv) The odd terms are —1, the even terms +1. Thus x,,., = —1, 
Us, = +1. However, the sequence may be described quite adequately 
by one formula in this case, viz. u, = (—1)’. 

(v) By using the result (iv) we have 


u, = (—-I)(—r) = (- 1). 


Example 2. Find the first 5 terms of the sequence defined as 
follows: the first two terms are 1 and 3 respectively; each later 
term is formed by multiplying its predecessor by 3 and subtracting 
the next previous term, i.e. 

u, = Bupa — Up_g 

uy = 1, Uy = 3 

Us = 3u, — Uy = 8 

Uy = 3ug — Up = 24-3 = 21 

ug = 3g — Uy = 3 X 21— 8 = 63 — 8 = 55 
The first five terms are thus 1, 3, 8, 21,55. (N.B. This rule adequately 


defines a sequence although it would not be easy to find a formula 
for u, in terms of r.) 


Series 


A series is obtained by forming the sum of the terms of a sequence. 
A finite series is obtained if a finite number of terms of the sequence 
are summed. The sum of the first n terms of the sequence uy, ue, ... 
is generally denoted by S,; 


S, = Uy + Ug + Ug +... Uy oe. (2.1) 


S,, is the sum of the first m terms of the series u, + ug + Ug +..., 
or as it is sometimes put S, is the sum to n terms of the series 
Uy + uy -+ ug +.... The rth term of the series is u,, the corresponding 
term of the sequence from which the series is derived by summation. 


Sy = Uy + Ug + Ug +... Uy 
is often denoted by 


Y a, = uy tug te. Un +. (2.2) 


r=1 
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> is the Greek letter ‘sigma’ and the symbol above means evaluate 
u, for all values of r from 1 to and sum the results. The specific 
form for u, may be inserted. Thus with u, (the general term of the 
series) = r 


py ae a eee 


In the same way 


> Uy = tn + Umer oes tn [n >m]_ ....(2.3) 


T=™M 


Example 3. The sum of the first n terms of a series is given by the 
formula S, = n? + 3n for all values of n. Find an expression for 
the rth term of the series. 

If u, denotes the rth term 


u, = S, — S14 ... (2.4) 
=[y+ut+...u1.+4,] — fa tut... ual 
=r + 3r—[r— 1? + 37-1] 
=r 3r— [+r — 2] 

u, = 2r+2 


4 7 
Example 4. Evaluate (i) 5 r* (ii) > 2". 
r=1 r=3 
4 
() PP=V42%43H4+4=14449 4 16 = 30 
r=1 


qT 
(ii) > 2" = 2° + 24 4 25 + 2° +2? 
r=3 
=8 + 16 + 32 + 64 + 128 = 248 


Exercises 2a 


1, Evaluate the first 5 terms of the sequences whose rth terms 
(u,) are (i) 3r — 1 (ii) (—4)* Gi) 27 +r’. 

2. Find a formula for u, for the sequences 

(i) 1, 8, 27, 64, 125... 

(ii) 1, —4,9, —16, 25... 

(iii) 4, 2, 8, 32, 128... 

3. Asequence is defined by the ruleu, = 1,u, = 2andu, = u,. + 
u,_gforr > 3. Find the first 7 terms of this sequence (the Fibonaccii 
sequence). 
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4, Ifu, = —1, vu = —S and u, = a + Or find a, b and ug. 
5. Evaluate u, for the sequences: 
(i) 0, 7, 26, 63, 124... 
(ii) 2, 4, 6, 8,10... 
(iii) 2, 11, 32, 71, 134... 
(iv) 3, 9, 27, 81, 243... 
(v) 2, —4, 8, —16, 32... 
(vi) 5, 5, 35, 65, 275... 
(vii) 6, —36, 216, —1296... 
6. Find the first 6 terms of the sequence defined by u, = 0, 
6 


Ua = 2 and u, = u,_1 — Uy for r > 2. Hence evaluate > u,. 


r=) 
7. uy = 0, uw = 3, ug = 12, and u.=a-+br+cr*. Find a, b, 
e and 5 7 
(i) 2 Me (ii) pa u,. 


8. Evaluate (i) S, for the series 1 +34+64+9+4 12+...) 5S; 
for the series 3 +- 9 ++ 27 + 81++... 
9. The sum of the first n terms of a series is given by S,, = n®? — 2n 
for all values of n. Find u,. 10 10 
10. Ifu, = logy 7, show that 5 u, = > logig r = logig 3,628,800 
ral r=1 


2.2. THE ARITHMETIC SEQUENCE AND SERIES 


If the consecutive terms of a sequence differ by a constant number, 
their terms are said to form an arithmetic sequence or an arithmetic 
progression. Thus for example the numbers 1, 3, 5, 7,... are in 
arithmetic progression, the difference between consecutive terms 
being 2. 

An arithmetic sequence is completely defined by its first term 
(conventionally denoted for the general arithmetic sequence by a) 
and the common difference (the difference between consecutive 
terms) denoted by d. The general arithmetic sequence is then 


a,a+d,a+2d,a+3d,...a+(r—Dd,... ....(2.5) 
and the rth term of the sequence is 
u,=at+(r— ld ... (2.6) 


If the numbers uj, Us, Ug, Ug, -- - Up—1, U, are in arithmetic progression, 
Ug, Ug, .» » Up, are said to form (r — 2) arithmetic means between 
u, and u,. This is simply an extension of the usual notion of an 
arithmetic mean (or average). The three quantities a — d,a,a+d 
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are in arithmetic progression and a is the arithmetic mean of the 


other two. 
The sum of the terms of an arithmetic sequence form an arithmetic 
series. For the general sequence (2.5) the sum of the first n terms is 


S,=at(at+d+@+2d)+...a+(—Dd .«...27) 


For this particular series we can obtain a closed formula in terms of 
nfor S, 


S, =at+(at+d)+(a+2d)+...fa+ (n—2)d] + [a+ @— Dd] 
and 
S,=at+(n—ld+ [a+ (n—2)d]+...a+d+a 
and on addition, since corresponding pairs add to 2a + (n — I)d 
2S, = 2a+(n—1d+2a+(n—1d+... n times 
= n[2a + (n — 1)d] 


= 5 a + (n— 1)d] _. (2.8) 


This result can be written in another useful form. Since a is the 
first term and / = a + (n — 1)d is the last term of the arithmetic 
series above and since 


a+ ]=2a+(n— ld 
we have 


S,=5@+) vanie(29) 


Example 1. Find three numbers in arithmetic progression whose 
sum is 21 and whose product is 315. Let the numbers be a — d, 
a,a-+d. Then a—dta+a+d=121, .. 3a=21, so that 


oe ala — da + d) = ala? — d®) = 315 
—@=45 [since a = 7] 
d= 4, so that d= +42 
and the required numbers are 5, 7, 9. 
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Example 2, Find 6 arithmetic means between —3 and 18. We 
require 8 terms in arithmetic progression, —3 being the first and 
18 the eighth. If their common difference is d 


18 = —3+ 7d sothat d=3 
The arithmetic means are 0, 3, 6, 9, 12, 15. 
Example 3. Evaluate the nth term and the sum of the first n terms 
of the arithmetic series: 3+7+11+15+.... Evaluate u,, 


and Syo. 
The first term is 3 and the common difference 4. 


By (2.6) u,=3+(n—14=4n-1 
For S,, we have, by (2.8) 


Sq =F 2G) +m — D4] =F An +2) = 2H? +n 


Uy = 41) —1= 43 

Soo = *2[2(3) + 19(4)] = 820. 
Example 4. he first two terms of an arithmetic series are —2 
and 3. How many terms are needed for the sum to equal 306? 


The first two terms (a,a +d) are —2 and 3 so that a= —2 
and d = 5. The sum of the first n terms is thus 


S, = 1-4 + 5(2 — 1] 


If S,, = 306, 5n® — 9n = 612 
Sn? — 9n — 612 = 0 
(5n + S51I)(n — 12) =0 
n=12 or — 


Thus 12 terms are required. 


Example 5. Obtain a formula for > r in terms of n. (The sum of 
the first n positive integers.) iat 


ee ee ee 


r=] 
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is the sum of the first terms of an arithmetic series, first term 1 
and common difference 1. 


Sr =" pd) +@—N1 


r=1 2 
57am (2.10) 
r=1 


This result can be used to obtain the sum of any arithmetic series. 
For the series of Example 3 


S, =3 +7+11+15...ton terms 
= >(4r—1) [u, = 4r — 1] 


r=1 
n n 
=4>r-— 1 
rol r=1 


=the)» [Note $t— 1-41-41 -+...mtimes =n] 
r=] 


=2n?4+2n—n=2n? +n as before. 


Exercises 2b 

1. Find 3 numbers in arithmetic progression whose sum is 3 
and whose product is —15. 

2. The sum of three numbers in arithmetic progression is 18 and 
the sum of their squares is 206. Find the numbers. 

3. Find 12 arithmetic means between —5 and 60. 

4. Find the sum of the first 16 terms of the series 34 + 43 + 
6+ 74+... 

5. The first term of an arithmetic series is 7, the last is 70 and the 
sum is 385. Find the number of terms in the series and the common 
difference. 

6. Find the sum of the first » terms of the series —1 + (—3) + 


(S541) is 
8 n n 
7. Evaluate (i) 2, Gr +2) (i) >Gr—7) ii) 2 —3rn) 
= rai raul i 


8. The third term of an arithmetic progression is 18, the seventh 
term is 30. Find the sum of the first 33 terms. 
9. Sum the first 2” terms of the series 
@5+11+17+23 ... 
(ii) a+ 3b+2a+ 66+ 3a+9b+... 
(iii) 3a — 2b + 4a — 4b + Sa — 6b +... 
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10. Evaluate (i) the sum of the positive integers less than 100; 
(ii) the sum of the positive integers less than 100 which are roultiples 
of 3; (ii) the sum of the positive integers less than 100 which are 
not multiples of 7, 


2.3. THE FINITE GEOMETRIC SEQUENCE AND SERIES 


If the consecutive terms of a sequence are all in the same ratio, 
the terms are said to form a geometric sequence or a geometric 
progression. Thus for example the numbers 1, 2, 4, 8, 16... are in 
geometric progression, the ratio of any pair of consecutive terms 
being 2. 

A geometric sequence is completely defined by its first term 
(conventionally denoted for the general geometric progression by a) 
and the common ratio (the ratio of consecutive terms) denoted by r. 
The general geometric sequence is then 


a, ar, ar®, ar’, .. ar", 2... vee 201) 
The nth term of the sequence is 
Uu, = arn ....(2,12) 


If the numbers uy, uy, Ug, ... Ups, Uy, are in geometric progression 
Us, Ug, ... Uy are said to form (m — 2) geometric means between 
u, and u,. This is simply an extension of the usual meaning for the 
geometric mean (G) of two numbers c,d. (G = Jed) The three 
quantities a/r , a, ar are in geometric progression and a is the geo- 
metric mean of the other two. 

The sum of the terms of a geometric sequence form a geometric 
series. For the general sequence (2.11) the sum of the first 7 terms is 


S,=a-+ar+ar+...are% ... (2.13) 


As with the arithmetic series we can obtain a closed formula for 
S, in terms of 1. 


S,=dadtart+tar'+...+ar?+ar 
rS, = ar-+ ar? + ...ar™4-+ ar® 
on subtraction, all terms cancel except the first and last. 
S,(1 —r) =a — ar" 
ai —r") _ ar® — 1) 
1—-r r—1 
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Example 1. Find 3 numbers in geometrical progression whose sum is 
28 and whose product is 512. 
Let the numbers be a/r, a, ar 


2 a.ar=a® =512  a=8 
r 


3g + Br =28 
r 


8r? + 8r + 8 = 28r 
i.e. 2r? —5r+2=0 
(2r —1\(r — 2) =0 
r=} or r=2 
The required numbers are 3, 8, 8 Xx 2 i.e. 4, 8, 16. 
Example 2. Find 4 geometric means between 2 and 486. We 


require 6 numbers in geometric progression such that the first is 2 
and the sixth 486. Let r be the common ratio. 


Thus, by (2.12) 2r> = 486 
ne r5 = 243 
whence r= 4/243 = 3 


the required geometric means are 2 x 3, 2 x 3%, 2 x 33, 
2 X 34, ie. 6, 18, 54, 162. 


Example 3. Find the sum of the first m terms of the series 1 — § + 
t—1+3,—4+.... The series is a geometric series first term 
1 and common ratio —4. 


it —(~3)"] 
By (2.14) s, == 
ie a Ge) 
S, = 41 —(—)"] = ¢ — -" 
Example 4. The first and last terms of a geometric series are 2 and 


2048 respectively. The sum of the series is 2730. Find the number 
of terms and the common ratio. 
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Let the number of terms be m and the common ratio r. 





Then by (2.12) 2r"1 — 2048 
and by (2.14) ar) = 2730, 
r™—-1 — 1024 and . — - = 1365, and these are the simultaneous 


equations we must solve for r and n. Substituting from the first 
into the second we obtain 


1024 1965 
a 
1024r — 1 = 1365 r — 1365 
1364 = 341r 
r=4 
4" — 1024 


ae n—-1=5 ie. n=6 
The number of terms is 6 and the common ratio 4. 


Exercises 2c 


1. Find three numbers in geometric progression whose sum is 
13 and whose product is —64. 

2. The product of three numbers in geometric progression is 1, 
their sum is —%. Find the numbers. 

3. Find 3 geometric means between 5 and 80. 

4. The third term of a geometric sequence is —1, the seventh 
term is —81. Find the ninth term. 

5. The second term of a geometric sequence is 24, the fifth term 
is 81. Find the seventh term. 

6. Find the sum of the first 8 terms of the series} + 4+2+.... 

7. Evaluate 1 + /3 +3+3/34+...+4 81/3. 

8. The first term of a geometric series is 3, the last term 768. If 
the sum of the terms is 1533 find the common ratio and the number 
of terms. 

9. The pth, gth and rth terms of an arithmetic sequence are in 


geometric progression. Show that the common ratio is 4! of 
p-4 ee 
q—-r 





41 


FINITE SEQUENCES AND SERIES 


10. The sum of the first n terms of a geometric series is 127 and 
the sum of their reciprocals is 422. The first term is 1. Find n and 
the common ratio. 


2.4. THE INFINITE GEOMETRIC SERIES 


Consider the geometric series (with common ration $) 1 + 4+ 
t+e+eu 


n 
s, =O" =o an =2-@"" 
1—3 
Thus the sum of the first 4 terms is 14, the sum of the first 8 terms 
is 1422. From these results we see that as we add more and more 
terms the sum of the series gets nearer and nearer to 2. Indeed the 
difference between the S,, and 2 is just (4)"~1, and as n increases so 
this number decreases and approaches zero. We see that S,, tends 
to 2 as n tends to infinity, since we can make S, as near to 2 as we 
please by choosing n large enough. The limit of S, as n tends to 
infinity is 2, which we write Limit S, = 2, or S,—>2 as n> o. 





n-> 0 
We say that the series above is convergent to sum 2, or “‘the sum to 
infinity” of the series is 2. 
For the general geometric series a + ar + ar? +... 


Now if —1 <r <1, r® becomes smaller and smaller as n becomes 
larger and larger. We say that the limiting value of r” is zero. Thus 
as n increases, S, approaches the limiting value (denoted by S) 
a i a 
To: We say that the series converges to the sum To?’ the 
sum to infinity of the series. 
Thus if—l1<r<1, the sum to infinity of the geometric 
series a + ar -+ar?+... is 
Limit S, = S = —* 


n> 00 1l-—r 





».. (2.15) 


(The condition —1 <r <1 is often written in the form |r| < 1. 
|r|, the modulus of r is the positive number having the same magni- 
tude as r. Thus (4| = 4, |(—4| = 4, |—3] = 3 etc. See section 1.4.) 

The result (2.15) is only valid if |r| < 1. For the series 1 + 2+ 
4+ 8-4... for which r = 2, S, increases indefinitely as n increases, 
and so S,, has no finite limit. 
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Example 1. To what sum does the following series converge: 
1—4+4-—4+...? This is a geometric series with common 
ratio —4. |—4] = 4 is less than 1. 

*, by (2.15) the series converges to sum 


Example 2. Express 0-777 recurring as a fraction 
0-777 recurring = + x80 + salvo + x0b00 +++ 


ie. it is the limit of the sum of the geometric series whose first 
term is ,4, and whose common ratio is 4, (<1). 


Zz 


By (2.15) 0-777 recurring = ; 2 =F 
— 10 





Example 3. For what values of x does the series 


x x 


+ 
1+x (+x) 


converge? And to what sum does it then converge? 








xt+ enya eee See 
a +x)? 








The series is a geometric series with common ratio —— 
The series will thus converge if ah | <i. 
This we write as Ix +1) >1. 
Thus x+1>1 ie. x>0 
or x+1l<-l, ie. x< —2, 


Thus the series converges if x > 0 or x < —2. 
The limit of the sum of the series is then 











x __x 

1— 1 x 
i+x 1+*x 
=1+x 
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We also observe that the series will converge if x = 0, for then 
each and every term is zero. The sum will of course also be zero. 


Exercises 2d 


1. Find the sum to which the following series converge 
@1l—x+x%?—x4+... (-l<x<l) 

Gi) + dy + hs toast... 

GH) E+ EGP TED +... 

2. Show that the series 


2 3 
1+ + (FE) + (S4)+ 
4 x?+4 x*+ 4 
is always convergent and find the limit of its sum. 
3. Express 0-232323 recurring as a fraction. 











4. Show that if 6 is an acute angle between 0 and 5 , the limit of 


the sum of the series cos 6 + cos 6 sin? 6 + cos 6 sin? 6+... is 
sec 0. 

5. Determine the range, or ranges of values of x for which 
3x — 5|> 7. If x has a value which satisfies this condition show 
that the infinite series 


2 
A eg eee) eg) 
3x — 5 3x — 5 3x — 5 


3x — 5 
3x — 12° 











has sum 


EXERCISES 2 


1. The sum of the squares of three positive numbers in arithmetic 
progression is 155. The sum of the numbers is 21. Find the numbers. 

2. The sum of the first m terms of a geometric series is 364. The 
sum of their reciprocals is $84. If the first term is 1, find and the 
common ratio. 

3. If the tenth term of a geometric progression is 2 and the 
twentieth term is ;}, find the first term, the common ratio and the 
sum to infinity. 

4. If a and r are both positive, prove that the series log a + 
log ar + log ar? + ...-+ log ar” is an arithmetic series and find 
the sum of the terms. 

5. The nth term of a certain series is of the form a + bn + c2” 
where a, b, c are constants. The first three terms are 2, —1 and —3. 
Find a, b, c and the sum of the first ” terms. 
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6. Find the sum of each of the following: 
(i) All the odd numbers with three digits of which the first digit 
is not zero. 
(ii) All the odd numbers less than 1000. 
(iii) All the numbers less than 100 which end in 5 or 7. 
7. If mis a positive integer prove that 


(l+xtx?94+...4+ "1 —x 4 x%?—-x8+...4 x2”) 
= (14+ x74 x#+...+4+ x4”), 


8. Write down the nth term of the arithmetic series with first 
term a and common difference d. 

In each of a set of n separate arithmetic series, the first term is 1. 
The common difference of the first series is 1, of the second 2, of the 
third 2?, and so on. Find, in its simplest form a formula for the 
sum of the mth terms of the n series. (J.M.B., part) 

9. The third, sixth and seventh terms of a geometric progression 
(whose common ratio is neither 0 nor 1) are in arithmetic progression. 
Prove that the sum of the first three terms is equal to the fourth term. 

10. The first term of an arithmetic series is 3, the common differ- 
ence is 4 and the sum of all the terms is 820. Find the number of 
terms and the last term. (J.M.B.) 

11. The sum to infinity of a geometric series is S. The sum to 
infinity of the squares of the terms is 2S. The sum to infinity of the 
cubes is $$S. Find S and the first three terms of the original series. 

(L.U.) 


1 1 1 
12. Find how many terms of the series 1 + gtgatgt.-- 


must be taken so that the sum will differ from the sum to infinity 
by less than 10-®. ; 

13. A ball when dropped from any given height loses 20 per cent 
of its previous height at each rebound. If it is dropped from a height 
of 40 ft, find how often it will rise to a height of over 8 ft. How far 
does the ball travel before coming to rest? 

14. Find the sum of all the positive integers less than 1000 that 
are not multiples of 3. 

15. The third term of a geometric progression is equal to the 
sum of the first two terms. Find the possible values for the common 
ratio. If the first term is 2 find the sum to infinity of the series in 
the case when this sum exists. 

16. (i) In an arithmetical progression the sum of the squares of five 
consecutive terms equals 20 times the square of the middle term and 
the product of the five terms equals 80. Find the middle term. 
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(ii) A nail, 2in. long is driven into wood by blows of a hammer. 
The first blow drives it in 1} in. and each successive blow drives it in 
two fifths of the previous distance (except the last for which the 
distance is less). Find how many blows must be used. 

If the blows are reduced, the ratio of successive distances being 
maintained, find the least initial distance through which the first 
blow must drive the nail in order that the nail may ultimately be 
driven home. (L.U.) 

17. The nth term of a series is (an + 5r") where a and r are con- 
stant with r 0 or 1. Find the sum of the first n terms. The nth 
term of the series 18 + 36 + 64+... is of the form stated above. 
Find a and r and the sum of the first 10 terms. 

18. The first term of a geometric series is 18 and the sum to infinity 
is 20. Find the common ratio and the sum of the first 6 terms. 
Find also in its simplest form the ratio of the nth term to the sum 
of all the subsequent terms of the infinite series. (J.M.B.) 

19. If S,, denotes the sum of the first n terms of a geometric pro- 
gression whose first term is a and whose common ratio is r, show 
that: 


@ SAAS3n cs Sen) = (Son one S,)* 

(iy) re Sete — Sm 

Sto a Sn 

20. For what values of x do both the series 


1—x+tx?—x8+x'+... 


2 
1+— +( : [ee 
pees iB: 
converge? 


If for any value of x in this range, the limits of the sum of the 
two series are S, and S,, show that S,S, = 1. 

21. Write down the sum of the natural numbers from m to 
n(n > m) inclusive. The natural numbers are arranged in groups 
thus: 1+(2+3)+(444+54+604+(7+849+10)+..., so 
that the rth group contains r numbers. Find (i) the first number 
in the rth group, (ii) the sum of the numbers in the rth group. 
Show that the sum of the numbers in the (27 — 1)th group is 


rt — (r — 1)4. (W.J.C.) 
3 4 
22. Show that the series ¢ + + 








is ets 
1l+e (+c? (1+) 
converges for all values of c greater than — }. 
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If c, and c, are two possible values of c for which the series 
converges and S, and S, are the corresponding sums, show that 
if cy > cy, Sy > Sy. 

23. Pee for what values of x the series 

(jes 1—x da—x? (1—~x§ 
re (l+x?  (l+x)* (1+ x) 

Gy l+x aqd+x? (+x) 

1+ 3x ; 3x 1 (+ 3x? + 3x)? Gb 3x! 
converge, and prove that the sum to infinity of the first series is 4. 
(L.U) 

24. In an arithmetic progression of 2n terms the middle terms are 
a and b. Find the first term, the last term and the sum of all the 
terms. 


25. If p,q, 7,5, are successive terms of an arithmetic sequence 
1 1 “le 
show that — — are also successive terms in an arithmetic 
qrs’ rsp ” spq ” pqr 
sequence. 
*26. The pth, qth and rth terms of a sequence are P, Q and R 
respectively. Show that: 


(i) if the sequence is arithmetic, 
Pq —r)+ OF —p)+ Rp—g=0 
(ii) if the sequence is geometric, 
(q — r) log P + (r — p) log Q + (p—q) log R=0 
*27. The sum of the first p,q, r terms of an arithmetic series are 
P, Q, R respectively. Show that 
Par(q — r) + Qpr(r — p) + Rpgq(p — q) = 0. 
*28. Find the sum of the first m terms of the series 1 + (1 + b)r + 


(l+ 5+ 5)? + (1+ 6+ b+ br + .... If |r| < 1 and [b| < 
1 find the sum to infinity of the series. 


*29. The sum of three real distinct quantities in geometric pro- 
gression is p, and the sum of their squares is g. Show that the 


middle one is equal to P ap , and that p?/q must be in one or other 











2 2 
of the ranges: 4 < Pe li< P<3 (W.J.C.) 


*30. If the reciprocals of x;, x,,...X, are in arithmetical pro- 
gression show that 


XyXq + XgXg + XgXq t+ .- Xp aXy = (H — Ixy. 
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THE BINOMIAL THEOREM 


3.1. THE BINOMIAL THEOREM FOR A POSITIVE 
INTEGRAL INDEX 


In this section we shall obtain a formula for the expansion, in 
terms of powers of x, of (1 + x)” where n is a positive integer. 
First we observe that by ordinary multiplication 


adg4+xu=1+* 
ad+xP=(1+xl+x=142x++ 
(1 + x)§ = (1 + 2x + x*)(1 + x) = 1+ 3x + 3x? + 8 
(1 + x) = (1 + x) + x) = 1 + 4x 4+ 6x? + 4x8 + xt 
a+ x >=(1+ xl + x) = 1+ 5x + 10x? 


+ 10x8 + Sx* + x® 
etc. 

From these few results we notice that in each case the first and 
last coefficients are unity. Further we notice that each of the other 
coefficients in (1 + x)"*! is the sum of the corresponding coefficient 
and the preceding one in the expansion of (1 + x)". Thus we can 
lay out the coefficients for successive powers in the form of a triangle 
(Pascal’s Triangle) using these two rules. The last two rows which 
are obtained in this way are, as is readily verified, the coefficients in 
the expansion of (1 + x)® and (1 + x)’ respectively. 


11 

12 1 

13 3 #1 

14 6 4 #1 

15 10 10 5 1 

1 6 15 20 15 6 1 

1 7 21 35 35 21 7 #1 etc. 
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In order to be able to write down the expansion of (1 + x)” in 
powers of x, we need a formula for the coefficient of x” in the 
expansion of (1 +x)". We shall denote this by the symbol "C, 
so that 


(1 + x)™ = 1+ "yx + PCyx® + 0 MCT Cy yx) + x” 
...-G.1) 


Our problem is then to find a formula for “C, in terms of n and r. 
It can be seen that the coefficients in the row corresponding to 
nn—1) n(n— IM — 2) 


(1 + x)" follow the pattern 1, 7, as i ns De etc. 
Thus 6G ONO 2) 490 
1.2.3 
ig a MASS B98 ee and so on. 
1.2 1 
We shall show that 
cn ES De) ee 5) 


rir — 1)(r — 2)3.2.1. 


is the appropriate result for the general case. There are r factors in 
both numerator and denominator. In the numerator the factors 
begin at n and decrease by one each time to »—r-+ 1, in the 
denominator they begin at r and decrease by one each time to 
1. (3.1) and (3.2) constitute the binomial theorem when n is a 
positive integer. 

Before proving this somewhat complicated result we shall verify 
its correctness for some of the cases already considered. 


Example 1. Use (3.2) to evaluate the coefficients of (i) x, x?, x9, x’, 
x5 in (1 + x)® and (ii) x, x, x3, x4, x5, x® in (1 + x)®. 





5 5.4 
ij) °C, => =5; °C, =——; 
(i) °C, i 234 
iG 0: gag Das IES ag 
3.2.1 4.3.2.1 
which are the results we had before. 
Note °C, = Pace se , so that the result is true for the last 
§.4.3.2.1 


coefficient as well. 
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6.5 6.5.4 
ii) °C fie Ores 8C =—=15; °C, = = 20; 
ee 1 pala Oe | S30 4 
6G a OS ig tGe a Og 
4.3.2.1 §.4.3.2.1 
which are the results we had before. 
Further °C, = 6.5.4.3.2.1_, 
6.5.4.3.2.1 
Indeed we see that 
nC a eT Eee ae er ee 


n 


n(n —1)...3.2.1 
Thus (3.1) and (3.2) would give 
d+ x) = 1+ 5x + 10x? + 10x3 + 5x4 + x5 
and (1+ x)®=1-+4 6x + 15x? + 20x3 + 15x4 + 6x5 + x8 
which we know to be correct. It is readily verified that (3.1) and 
(3.2) also give the correct expansions for (1 + x)?, (1 + x)8, (1 + x)4. 
We also observe that our formula for "C, satisfies the result that 


a coefficient in (1 + x)"*1 is the sum of the corresponding coefficient 
and the preceding one in the expansion of (1 + x)". In symbols this is 


MIC, = "C+ "Cy ... (3.3) 
and with "C, as given by (3.2) 
n(n ~— 1)(n — 2)...(n—r +1) 
rr —1)...3.2.1 
n(n —1)...(n —r + 2) 
(r —1)(r —2)...2.1 
n(n —1)(n — 2)...(829-r+1) 
+r(n\n —1)...(n —r +2) 
rr —1)...3.2.1 
_ nn — 1(n —2)...@ —r+2n—r+1+7) 
rr —1)...3.2.1 
_@ +iI(nn — 1)... (1 — 7 +2) 
rr —1)(r—2)...3.2.1 
_@+0D0+1—-Dat+1—2)...2+1—r+1) 
rr —1)...3.2.1 


"C, + ore > 


+ 


—_ antic 
T 


which proves the result. 
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The Expansion of (a +- x)” 


Assuming for the moment the validity of (3.1) and (3.2), we notice 
that (a + x)" can be expanded in terms of powers of x and a with 
the same coefficients. 


For (a@+x)"= [a(1 =)" = a(t + a) 


2 r n 
ma[tprateraet.. GF +...2| 
a a a 


a, n 
(a + x)" =a" + "Cyxa™1 + "C,x*%a"? 
+..." xa +. x” ... (3.4) 


Example 2. Expand (2 + x)* in powers of x. 
Using the coefficients as given by Example 1 


(2+ x) = 254+.5.24.x + 10. 23x? + 10. 22x84 5. 2x4 + x8 
= 32 + 80x + 80x? + 40x? + 10x* + x5 
The Evaluation of "C, 


Cc _ nn —1)...2—r+)) 
. rr —1)...3.2.1 


_nn—l)...a2—rt+) @—nN@—r—))...3.2.1 
~ rr —1)...3.2.1 ‘@—na—r—))...3.2.1 
n a . (3.5) 


"rl(n—n)! 


where n! (factorial n) is used to denote the product of the integers 
from n down to 1. Thus 2!=2.1=2; 3!=3.2.1=6, 
41=4.3.2.1= 24 etc. From (3.5) we see that 


n! n! 


(n—r)i[n—-(n—n]! @)! a r)! 
"C= °C, ...-(3.6) 


a result which merely expresses the symmetry of the coefficients which 
was apparent for the numerical cases considered earlier. 
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We use this symmetry to define 


"Cy ="C, =1 acl) 


Then 
(1 + x)” = "Cg + "Cyx + "Cax® +... "C,x7 +... "C,x” 


=> "Cx" ... (3.8) 


r=0 


using the notation of the previous chapter. 


Example 3. Evaluate (i) °C, (ii) ?°C,, (iii) °C, 


20.19 


(i) By (3.2) °C, = Se 


(ii) We first use (3.6) Cy, = °C, = a ~ 60.19 = 1140 


(Had we used (3.2) for C,, we should have 17 factors in the 
numerator and denominator.) 


8.7.6 
iii) °C, =*C, = — = 
ee sia ee | 
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Example 4. Expand (1 — 2x)4 in powers of x. 
We write (1 — 2x) as [1 + (—2x)] 


(1 — 2x)* = [1 + (—2x)}* 

= 14 4C\(—2x) + *C,(—2x)? + 4C;(—2x)? + (—2x)4 
1 + 4(—2x) + 6. 4x? + 4(—8x) + 16x 
= 1 — 8x + 24x? — 32x + 16x4 


I 


Example 5. Expand (x + 3y)® 





°C, = °C, = 6; °C, ="Cy= == 15; "Cs = 


By (3.4), 
(x + 3y)% = x8 + 6x5(3y) + 15x4(3y)? + 20x8(3y)8 
+ 15x?3y)* + 6x(3y)> + (3y)® 
= x84 18x5y + 135xty® + 540x3y3 + 1215x%y4 
+ 1458xy> + 729y% 
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Exercises 3a 


Assume the validity of (3.1) and (3.2). 

1. Obtain the expansions in powers of x of (i) (1 + x)’, 
(ii) (L + x8 Gi) 1 + x). 

2. Use the rules described at the beginning of this section to 
obtain the coefficients in the expansions of (1 + x)® and (1 + x), 
i.e. obtain the next two rows of Pascal’s Triangle. 

3. Use (3.1) and (3.2) to verify the results obtained in question 2. 

4. Evaluate (i) 18C,, (ii) C, (iii) 8C, (iv) °Cz. 

5. Expand (i) (1 + 3x)* (ii) (1 — x)® (iii) (1 — 2x)’. 

6. Expand (i) (3 + x)* (ii) (2 — x)®. 

7. Expand (i) (2x + 3y)® (i) (2x — Sy)’. 

8. Obtain the fourth term in the expansion, in ascending powers 
of x, of (2 +- 3x). 

9. Calculate a if the coefficient of x* in (a + 2x) is 320. 

10. Calculate the coefficient of x*y* in (2x — 3y)’. 


3.2, PROOF OF THE BINOMIAL THEOREM WHEN 2 IS 
A POSITIVE INTEGER 


The results of the previous section suggest that the results (3.1) 
and (3.2) are true for all positive integer values of n. We shall now 
prove this by a method of proof known as mathematical induction. 

We assume that for a particular value of n, say n = N, the results 
(3.1) and (3.2) are correct. (This is not so unreasonable since we have 
seen that this is so when n = 2, n= 3, n=4,n=5, andn=6 
among others.) 

Thus we assume 


(xP 14+ %*e x Fett +. Cat 
= ead GA cic” oe ond 
en 
(L+x)¥* = (1+ xl +x) 
= (1 +xX1 +%C, + %Cyxt +... 4%C x +... x7) 
(1+ x)Mt = 1+ AC + Dx + MC, + NCD2? 
+...(0%C, + NC,_,)x" +... tt 
by ordinary multiplication. 
Now 
NC, +1=N41=¢, 
and by (3.3) we have 
Ce + af € Re = NC 
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Thus our initial assumption inevitably leads to 
(1 + “ye =1 = NIC x + N+IC, x? stn ae © BOTC act 
Sas Os cae ate 
Thus we have proved that if the results (3.1) and (3.2) are true for a 
given value n = N, then they are true for the next value of 1, i.e. 
n= N-+ 1. But we have seen that the result is true for n = 2, 
therefore it is true for n = 3, therefore it is true for n = 4 and so on 
for all other positive integral values of n. Thus we have shown that 
(3.1) and (3.2) are true for all positive integer values of n. We have 
also proved (3.4) and (3.8) for such values of n. 
Example 1. Expand (1 + x + x*)® in powers of x. 
(+x+4 x= [L+@4 x) 
= 1 + 30% + x®) + 3(x + x)? + (x + x?)8 
= 1+ 3x + 3x? + 3(x? + 2x3 + x4) 
+ (x8 + 3xt + 3x5 + x) 
= 1 + 3x + 6x? + 7x3 + 6x* + 3x5 + xé 
2y 10 
Example 2, Find the coefficient of x® in (x Satori 


2 10 
The (r + 1)th term in the expansion of (x + 2) is 


we yh? (2 J = a ORB palma pas WG Ot ye ee 
x 


Thus for the term in x5, 
20 — 3r = 8, ie. r=4 
The required coefficient is °C,24y* 


_ 10.9.8.7 


2 16y* = 210. 16y* = 3360y* 
4.3.2.1 > g zm 


Example 3. Find the values of a if the coefficient of x? in the 
expansion of (1 + ax)4(2 — x)® is 6. 


(1 + ax)t = 1 + 4(ax) + 6(ax)? + 4(ax)? + (ax) 
(2 — x) = [2 + (—x)P = 2 + 3. 2% —x) + 3(2(—x)? + (—x)? 
= 8 — 12x + 6x7 — x8 
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The coefficient of x* in the expansion of (1 + ax)4(2 — x)® is the 
coefficient of x? in 


(1 + 4ax + 6a®x® + 4a*x8 + atx*) x (8 — 12x + 6x? — x3) 
This coefficient is 6 — 48a + 48a?. If this is equal to six, 
48a? — 48a + 6 =6 
8a? — 8a = 0 
8a(a — 1) =0 
a=0 or a=1 


Example 4. Expand (x + 5y)®. Hence evaluate (1-05)® correct to 
3 decimal places. 


°C, = °C, = 5; °C, =5C, = >= = 10 


5.4 
Pe | 
(x + Sy)® = x8 + SxA(Sy) + 10x9(5y)? + 10x2(5y)? 
+ Sx(Sy)* + Gy)? 
= x8 + 2Sxty + 250x8y? + 1250x2y8 
+ 3125xy4 + 3125y® 
With x = 1, y = 0-01 we obtain 
(1-05)® = 1 + 25(0-01) + 250(0-0001) + 1250(0-000001) 
-+ 3125(0-00000001) -+ 3125(0-0000000001) 
== 1 + 0-25 + 0-025 + 0-00125 
where we have omitted the last two terms since they do not effect 
the first five decimal figures. 


(1-05)® = 1-27625 
to 3 decimal places 
(1-05)® = 1-276 


Exercises 3b 
1. Expand in powers of x, (1 -+- 2x + 2x?)8, 
2. Expand in powers of x, (1 —~ x + 2x*)*. 
3. Find the coefficient of x® in the expansion of (1 + x + 2x”). 
4. Expand (1 + 2x + x?)®. (You might be able to obtain this 
result in an easier way.) 18 
5. Find the coefficient of x* in the expansion of (3 —x 


x! 2\10 
6. Find the term independent of y in the expansion of (5 + oa J : 
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3 6 
7. Find the term independent of x in the expansion of (2x —- 5) : 


8. Find the coefficient of x*? in the expansion of (1 — 3x)(1 + x3), 
9, Find a if the coefficient of x in the expansion of 


(1 + ax)§(i + 3x)* — (1 + x)8(1 + 2x) 


is zero. What is the coefficient of x?? 
10. Expand (x + 2y)’. Hence evaluate (1:02)? correct to 4 
significant figures. 


3.3. THE BINOMIAL THEOREM WHEN 7 IS NOT A 
POSITIVE INTEGER 


It can be shown (although the proof is beyond the scope of this 
book) that if —1 < x < 1 and x has any value 
n(n —1) 4 , n(n — 1)(n — 2) 
1+x)*=1 aera ee ee Aer 
amare cme geet Spay ee 
oo (3.9) 


(3.9) is known as the binomial theorem. If 7 is in fact a positive 
integer, the coefficients, after the coefficient of x”, are all zero since 
they each contain the factor (n — n). Thus for this case we see that 
the expansion terminates with x”. We obtain of course the same 
result as was given by (3.1) and (3.2) and for this particular case the 
requirement that —1 < x < | is not necessary. 

If n has a value other than a positive integer the expansion will 
not terminate and the requirement —1<x <1 is absolutely 
essential. This latter requirement is often written, following the 
notation of the last chapter, |x| <1. Although the expansion does 
not terminate in this case, it can still be used with great effect to 
approximate (as accurately as we like) the value of (1 + x)” when 
x has a value such that |x| < 1. 


Example 1. Obtain the first five terms in the expansion of (1 + x)*/*. 
Hence evaluate ,/1-03 to 5 significant figures. 
For this case n = 4 and so by (3.9) 


d+ ya1+@ +O, BoO— 2» 
a — DG — 2G — 3) 4 
> 1.2.3.4 seal 


= 1 tbe — bt + ax? — thax! +. 
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With x = 0-03 which is certainly between —1 and +1, 
(1:03)!/2 = a 1-03 = 1 + 4(0-03) — 4(0-0009) + 3,(0-000027) ... 


and since we only require the result to 4 decimal places, we need in 
fact only consider the first three terms. 


(1-03)? = 1 + 0-015 — 0-0001125 + 0-0000017 +... 
= 1-0148892 
/1:03 = 1-0149 _ correct to 5 significant figures. 


Example 2. Expand (i) (2 +x) (ii) — : 
—x 


= AL +(-)2 + CUR 2} 


132 2 
+ MEARD (x 


J] moval 
1.2.3 > +... provide 2 





<1 





3 4 i 
Qtyta5-F4E 5 shes provided |x| <2 
Gj) = 4 (ny 
1—x 


= 1 +(—1)(—x) + X= (a 


(=1(—2X(—3) ,__ 3 
are re ee a 
1 


1-x 





=1+x+x?+x% +x4+... provided |x| <1 


[ef (2.15) with a = 1] 


If we ignore the requirement |x| < 1 and put x = 2 in the left hand 
side we obtain —1. On the right hand side we obtain 1+ 4+ 
8+... which is quite meaningless and is certainly not —1. The 
point to realise is that the expansion is only valid if —1 <x <1. 
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Example 3. Show that if x is so small that x$ and higher powers of 
(1 + 2x)??? — a ee) 
14+? 


2 
(1 + 2x)? = 1 oe 2 Oy | eyes as as far as terms in x? 


x can be neglected, then —3 +x + 5x? 


(1+ x)¥?=1+4x + wh, x* _ as far as terms in x? 


(1+x*)?=1—>? - as far as terms in x? 
(1 -L 2x)" — a(t + x)? 
1+? 
= (1 — x*[l + 3x + 3x? — 41 + dx — Bx)] 


Simplifying and retaining only terms which involve x? and lower 
powers of x we have 


(1 + 2x)?* — 41 + x)¥? 
1+? 
= (1 — x*\(—3 + x + 2x”) = —3 + x + 5x*. 


Example 4. Expand in ascending powers of x as 


3—x 
(1 — 2x)(1 + x*) 
far as the term in x?. 


3—x : . . 
We first resolve dG 290 +) into partial fractions: 


3—x 2 1+x _ my 
(oa oe Tae 
+(1 +x) +>)" 
= 21 + 2x + 4x? + 8x8 +...) 4(1 + x) 
x (1 — x? + xt — x8 + x8...) 
= (2 + 4x + 8x? + 16x? +...) 
Hitx—x?—x+.., 
= 3+ 5x + 7x? + 15x°... 





This expression is valid only if both —2x and x? lie between —1 
and +1. 


—-1< —2x<1 if -$<x<}; -l<x <lif-l<x<l 
For the expansion to be valid x lies between —} and j, i.e. 
|x| <4. 
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Exercises 3c 

1. Obtain the first four terms of the expansion of (1 + 3x)! in 
ascending powers of x. Hence evaluate ~/1:03 to 5 significant 
figures. 

2. Evaluate (0-95)"'%. Use logarithms to check your result. 


3. Show that (i) = 1+2x + 3x24 4x34. and 
(1 — x) 





a 
1 4. 5x8 

ii) ——  =1+3x 
(ii) a— a oe ep Rl > pa 

‘ ne the i aa in care powers of x of = ‘ 
a+ x ; x And + xP 

5. Use the results gi to ot in ascending powers of x 
. 1 
On +O Eo» er ) ep 


6. Show that i : ie x?) = 3 + 4x? — gi,x*. For what values of 
x is the expansion valid? 
7. Show that 
1 1 ob bP g- bP gy 


we 2x4 Sxl... 
at+bx a pe gee a’ ay 





For what values of x is the expansion valid? 
8. Show that if x is so small that x* and higher powers of x may 


(1+x)*—(i+4x)?_ a2 
be neglected = aay =< a — Ex’. 


—4 
9. Obtain the expansion of es 
x as far as the term in x‘. — 3% + 2x 


10. Show that if x is so small that x* and higher powers of x can 


be neglected i (; a +2) =1+x-+ 4. By putting x = + show 
that ,/3 = 198. 


in ascending powers of 





3.4. MATHEMATICAL INDUCTION 


In section 3.1 we proved the binomial theorem for n a positive 
integer using the method of mathematical induction. This method is 
very useful where particular cases suggest that some result is true 
quite generally. The following examples are further illustrations of 
the method. 
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Example 1. Show that if n is a positive integer, 
14243444... ¢n= MED [ef (2.10)] 
We observe that the result is true for the particular cases 1 = 1,n = 2 


1 = 1049, 1+2=3=4% 


We assume the result is true for a particular value say n = N 


ie. 1+24+34...¢n—NUtD 
Then for the next value of n,n = N+ 1 
142434...¢Ntnt1=*A Daw 


=w+o(% +1) 
= 4i(N + 1XN + 2) 
=}(N+1(N +1+1) 
Thus if the result is true for any particular value of n, it is also 
true for the next value of n. But we have seen that it is true for 


n= 1, therefore it is true for n = 2, therefore it is true for n = 3 
and so on for all positive integer values of n. 


Example 2. Show that for all positive integer values of n, 5°* + 
3n — 1 is an integer multiple of 9. 
We first observe that for n = 1 


52-+4.3,1]—1=27 is a multiple of 9 
We assume the result to be true for n = N 
i.e. 52¥ + 3N—1=9M _ where M is some integer 
then for n = N + 1 we obtain 
SN) 4 3(N + 1) —1=— 25.5% +4 3N42 
= 259M —-3N+ 1)+3N+2 
since 527 —= 9M —-3N+ 1 
=9.25M —75N+25+3N+4+2 
== 9.25M — 72N + 27 
= 9(25M — 8N + 3) 


“. this proves that 5%4+) + 3(N + 1) — 1 is a multiple of 9 if 
52% + 3N — 1 is a multiple of 9. 
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The required result is true when n = |, therefore it is true when 
n = 2 and so on for all positive integer values of n. 


Exercises 3d 


Use the method of mathematical induction to prove that if 
is a positive integer: 

1, 27 >n. 

2. 12+ 224 32?4+...+ 07 = init (Qn + 2). 

3.14+34+54+...+2n—l=n’. 

4. n(n + 1)(n 4+ 2) is an integer multiple of 6. 

5. 72"+1 + 1 is an integer multiple of 8. 


EXERCISES 3 


1. Expand (1 — x + 2x*)® in ascending powers of x as far as 
the term in x‘. 

2. Use the binomial theorem to evaluate ./99 correct to 5 
significant figures. 

3. Expand (1 — x)-! — 2(1 — 2x)-1# + (1 — 3x)-3 in ascending 
powers of x, up to and including the term in x°. 

4. If p=ab and s, stands for a” + b” show that s? = s; + 
5ps3 + 10p’s,, and hence that s, = s? — 5ps? + Sp*s,. Obtain a 
similar formula for sg in terms of s, and p. (S.U.J.B.) 

2 3 

5. Show that as —/d4+x)= = + : if x4 and higher 
powers of x may be neglected. 

6. If x is small show that (1 — x®)-¥/8 == 1 + 4x? + §x4. 

7 — 23x + 48x? 
(2 + x)(1 — 3x)? 
coefficient of x" when the expression is expanded in ascending powers 
of x when —§ << x<} (L.U., part) 
8. Prove by induction that n(n + 1)(2n + 1) is a multiple of 6. 
9. If x4 and higher powers of x can be neglected show that 


1 —x 
——_-—— } = 1 — 7 
MAS) ape 


10. In the expansion in powers of x of the function (1 + x) x 
(a — bx)" the coefficient of x* is zero. Find in its simplest form the 
value of a/b. 

11, Show that *+°C, = "C,_. + 2"C,_1 + °C, where n > r > 2. 

12. Show that 112" — 1 is always exactly divisible by 120 when 
n is a positive integer. 


7. Express in partial fractions and find the 
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— 


3. If x is small show that 








1 
1 6x) —- ——-—— 
VG + 6x) Ta 6) 
; = 4 4 6x. 
1 + 3x) — —---——_ 
J + 3x) Ja — 3%) 
14. Use the method of induction to show that 
hag MM sees ds 3 Sih 
1.2°2.3 3.4 9 nm4+1) n+l 


15. Expand (1 + 4x?) in ascending powers of x up to the term 
in x®, Hence evaluate ./1-04. 
16. Evaluate the term independent of x in the binomial expansion 


2 | ' 
of (« — x . 
17. Show that if x is so small that x‘ and higher powers can be 


1+ 2x + 3x? 
neglected then Gi—~nd +x) 
A+ Bx + Cx? + Dx and find A, B, C, D. 

18. Write down the first few terms in the expansion in ascending 
powers of x of (1 + 4x)!/2, and simplify the coefficients. Hence by 
putting x = —z}q, calculate ,/6 correct to four decimal places. 

(J.M.B., part) 


3 3x? 1 
19. If x is small show that (1 + x)?#=1+ = + a ~ Té x3, 


Evaluate ./11. 

20. Find p and q if the coefficients of x and x* in the expansion 
of (1 + px + gx? + 4x%)(1 + x)® are both zero. 

21. If |x| < 1 prove that the sum to infinity of the series 


can be expressed in the form 


1 + 3x 
(1 — x)? 


(J.M.B., part) 
22. Show that 34"+# ++ 2. 48"+1 is exactly divisible by 17 if nis a 
positive integer. 
*23. Use the binomial theorem to show that the expansion of 


1+ 5x + 9x7+...(4n + 1x” is 


1 1.3.4, 1.3.5 

ets Deg ES yi Ee ke ee 

Pea eae 
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EXERCISES 
4.12 4.12.20 


Show that 1 — +, 
Baste a ae 30 1 10.20.30" 
1.3.5 
= 21 +5 TEeTeT Stee +...) 


(J.M.B., part) 
*24. If -——_, i = is expanded in ascending powers of x, where 


—1 <x < 1, show that the coefficient of x"—! is 2n — 1 and that the 
(2n + 1)x" 2x1 
1-—x di — x)?° 
(L.U., part) 
*25. Show that n* +-4n?+4-11 is a multiple of 16 for all odd 
positive integers n. 


sum of the terms after the nth term is 
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COMPLEX NUMBERS 


4.1, INTRODUCTION 


IN section 1.1 we discussed the necessity for the introduction of 
other types of real number apart from the natural integers which are 
used for counting. The solution of an equation such as 5x = 4 
requires the introduction of rational numbers; the solution of an 
equation such as 3x + 4 = 0 requires the introduction of negative 
numbers. Then we can say that without exception every linear 
equation has one and only one solution. 

Some quadratic equations such as x? = 2 require the introduction 
of the irrational numbers into our number system before we can 
give a meaning to their solution. There are other equations such as 
x* + 16 = 0 which still do not have a solution within the system of 
real numbers. To solve the equation above we require a number 
whose square is —16 and such a number does not exist within the 
system of real numbers. Thus we have a breakdown of the general 
rule that quadratic equations have two solutions. (If the two 
solutions are equal, we say that the equation has a repeated root, 
i.e. two equal roots.) 

This situation is not peculiar to the equation above. Indeed the 
equations x? + 1 = 0, x? + 2x + 5 = 0, whose solutions we might 
formally write as 


iia 4a eto) 


2 


—2 + /—16 
2 


have no solutions within the realm of the real numbers. In each case 
we require the existence of a number whose square is negative 
before we can give a meaning to the solutions. 

This situation calls for yet another extension of our number 
system. We can achieve this extension by the introduction of a new 
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ie. x=/-l, x= 


INTRODUCTION 


number, generally denoted by i whose square is —1. The number 


i has the property 
?=—1 .. (4.0) 


This new number i having the property (4.1) need give no cause 
for concern. It is new in the sense that up to now it has been outside 
our experience, but so at one stage were fractions, and negative 
numbers. 

The solution of the equation x? + 1 = 0 is then 


x=4+/-1, ie. x= +i. 
The solution of the equation x? + 16 = 0 is then 
x= +,/—16 = +,/16(—1) = +,/16/—1 = +41. 
The solution of the equation x? + 2x + 5 = 0 is then 





A number of the form a + bi where a and b are real numbers is 
called a complex number. Our real numbers can be regarded as 
complex numbers for which } is zero. Thus we need only consider 
complex numbers since our real numbers will be contained within 
the system of complex numbers. This will require us to consider 
carefully the rules for the addition, and multiplication of complex 
numbers, so that these rules, when applied to real numbers of the 
form (a + Oi) give us the correct results, within the real number 
system. This we shall do in the next section. For the present we 
observe that higher powers of i can be reduced to +1 or +i. 

Thus since 7? = —1 


B=2?.i= —i; M=-B i= —i.i= —(-l)=1 
i= i4 i= i, etc. 
Exercise 4a 


1. Express the solution of the following equations in the form 
a+ bi 


(i) 3x —7=0 (ii) x» —9 =0 

(iii) x? + 30 =0 (iv) x? + 3x + 10=0 
(v) x7 + 49 =0 (vi) x2 + 2x +8 = 
(vii) x7 + 4x + 40 =0 (viii) X*» ~-x+1=0 


2. Show that (i? = —i; G)i*® =i; Gi) 1+i- 37477 = 4. 
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3. Show that i® + 2/11 + i38 = 0, 
4. Show that the cubic equation x* — 1 = 0 has three solutions viz. 


i/3 Bt i/3 


=1x=—- —, _— 
xebxe p+ So xe 


[> -L=@—D)O +x+D] 
5. Show that the quartic equation xt — 1 = 0 has four solutions 
viz.x =l,x=—l,x=i,x = —ifxt— 1 =O? — 1IGO?+4+ 1]. 


4.2. THE RULES FOR THE MANIPULATION OF 
COMPLEX NUMBERS 


In this section we shall consider the rules governing the addition, 
subtraction, multiplication and division of complex numbers. These 
rules are defined so that they become the rules of algebra for real 
numbers when applied to complex numbers of the form a -+ Oi. 
First we define what is meant by the equality of two complex numbers 
a+ biand c + di where a, b, c, d are real numbers. 

We say 


a+bi=c+di ifandonlyif a=c and b=d ....(4.2) 


This definition is very reasonable and is consistent with treating i 
as an ordinary algebraic quantity. For if a + bi = ¢ + di we would 
expect a — c = i(d — b) which yields on squaring both sides 


(a — c)? = i%(d — by? 
i.e. (a — ct = —(d— b)» ».. (4.3) 


Now a — cand d — bare both real numbers and so their squares are 
positive or zero. If both their squares are positive (4.3) says that a 
positive number is equal to a negative number which can be rejected 
as absurd. If one is positive and the other zero then either a positive 
number is equal to zero or zero is equal to a negative number. 
Both these situations are absurd and can be rejected. Indeed the 
only possible and sensible situation is that both the squares are 
zero, i.e. (a — c)®? = 0 and (d — 6)? = 0, which results in a = ¢ and 
b=d. Thus we see that the equality of two complex numbers 
implies two relations of equality among real numbers. 

Most of the mathematical literature speaks of a as being the 
real part and 5 as being the imaginary part of the complex number 
a+ ib. The terminology which perhaps indicates the hesitation 
with which complex numbers were first used can be quite convenient 
provided we do not interpret it too literally. There is nothing 
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imaginary about i, although it is perhaps a little unfamiliar to most 
of us at this stage. In words, (4.2) can be put in the form: two 
complex numbers are equal if their real parts and their imaginary 
parts are equal. 

The addition of two complex numbers is defined by 


a+tib+c+tid=at+e+ibo+a) wo. (4.4) 
This rule if applied to the numbers a + i0 and c + i0 (ie. the real 
numbers a and c) yields a + c + i0 (i.e. the real number a + c) 


and so is a natural extension of the rule for adding real numbers. 
Similarly for subtraction 


a+ib—(c+id)=a—c+i(b—d) 2. (4.5) 


In words, to add (or subtract) two complex numbers add (or 
subtract) their real and their imaginary parts. 


Example 1. Express in the form a + ib: 
@) 6+ 3i+7—i; @) 7+ 27+3—41-G64+0. 
(i) 6+ 3i+7—i=1342i 
(i) 7+ 2i+3-—41-(6+)=10—-2i-G+i)=5—-3i 
Multiplication of two complex numbers is defined by the rule 


(a + ib)(c + id) = ac — bd + i(be + ad) ....(4.6) 


This rule, if applied to the numbers a + i0 and c + i0 (i.e. the real 
numbers a and c) yields ac — 0 + i0 = ac + i0 (i.e. the real number 
ac) and so is a natural extension of the rule for multiplying real 
numbers. The rule is consistent with treating i like any other 
algebraic quantity and this in practice is how we normally multiply 
complex numbers. On this basis 


(a + ib)(c + id) = ac + Pbd + ibe + iad 
ac—bd+i(be+ad) (since i? = —1) 
which is the result (4.6). 


I 


Example 2. Express in the form a + ib: 
@) 2+ 3%; @2+N2—-—)D+ GB + 2)GB — 21). 
() 2 + 3)? = (24+ 3N2 4+ 3/) =2.2—3.3+i2.342.3) 
= —5 + 121. 

Gi) 2 +2 —i) + B + 21GB — 2i) 

=4—1(-1) + i[(2.1+ 2-1] + 9 — 2(-2) 
+ i[3 .2 + 3(—2)] 

=44+1+4+i0+9+4+i0 
= 18 + i0. 
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Before defining division for complex numbers it is useful to 
introduce the notion of a complex conjugate. Two complex numbers 
which differ only in the sign of their imaginary part are called 
complex conjugates. The complex conjugate of a+ ib is thus 
a— ib. a— ib is the complex conjugate of a + ib. Two numbers 
which are complex conjugates have the property that their sum and 
product are both real numbers. For 


a+ib+a—ib=2a+i0 ... (4.7) 
(a + ib)(a — ib) = a® — b(—b) + ifab + a(—d)] 
=a?+ b+ i0 vo (4.8) 


The i0 may of course be omitted from (4.7) and (4.8). It has been 

written in to emphasize that the real numbers are just a subset (with 
imaginary part zero) of the complex numbers. 

Division of two complex numbers is defined by 

a+ib_ac+bd ; bc — ad 

c+id 74d e+ da 

This rule, if applied to the numbers a + i0 and c +- i0 gives 


ac +0 j 0+0 
+0 ce +0 
so that once again, (4.9) complicated as it may appear, is just a 
natural extension of the rule for division for real numbers. 
As with (4.6) the rule is consistent with treating i as an ordinary 
algebraic quantity. The following working, which in practice is the 
way in which we normally carry out division, illustrates this. 


a+ib_a+ib c—id 

ec+id c+id c—id 

on multiplying top and bottom by the conjugate of the denominator. 
a+ib (a+ ib)(c — id) 








. 2. (4.9) 


=* + i0 
c 


ing (4.8 
c-+ id 4 mes) 
ae + bd + i(be — ad) 
ft @ 


ae +bd j (be — ad) 
(ota + a ce + a 
which is just the result (4.9). 
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Example 3. Evaluate in the form a + ib: 


ree eine ny 3 — 4 
OF NO eae 
Uti G+d2 +) 2-141 4H_ 1, 3, 
2-i Q@2-i2+i) 4+1 5 5 
ip a Oe 2) eee 
5+2i (5 + 2iX5 — 2i) 25 +4 
13.26) 
29 29 ; 
Example 4. Evaluate X and Yif X + iY = ar . We could find 


L+i 
X and Y by (4.9). However, by way of illustration we proceed as 
follows 


3—i=(1+i(X +1Y)=X~YVY+iUX+Y) 
by (4.2) 3=X—Y 
ee eee 4 


We solve these two equations for X and Y. On addition we obtain 
2 =2X,i.e. ¥Y = 1, and on subtraction Y= —2. 


3~—i 
1+i 


It is readily verified that (4.9) gives the same result. (4.2), (4.4), 
(4.5), (4.6) and (4.9) define the algebriac operations for complex 
numbers. Our readers should verify that under these rules complex 
numbers obey the rules I to V described in Section 1.1. 


=1-2i 





Exercises 4b 

1. Express in the form a+ ib: (i) (1+) + i533 —i)+ 
(2 +i); @) 2i(1 — 31) + 344 — 3). 

2. Evaluate in the forma + ib: (i)(3 + i)(4 — 21); (ii) (6 + 2%) x 
(i — 3%). 

3. Find the solutions of the equation x? + 6x + 18 = Oin the form 
a+ ib. Verify their correctness by substitution into the equation. 

4, Evaluate (i) 1 + 1)?; G) (+8; @ii) 0d +i. 

5. Use (3.1) and (3.2) with x =i to calculate (1 + #)*, (i + 1%, 
(1 +i)*. Verify that the results are in agreement with your answers 
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to question 4. (This suggests that the binomial theorem remains 
valid when complex numbers are involved.) 
2 or, (ii) 1—5i- 
7+3i 3 +2i 

7. Show that (i) (cos 0 + isin 6)? = cos 20 + isin 20 

(ii) (cos 6 + isin 6)- == cos 6 — isin 0. 

8. Find real numbers x and y such that (x + iy)? = 40 + 42i. 
Hence evaluate ,/(40 + 42i). Calculate also ./(35 — 12). 

9. Evaluate in the form a + ib: 


@ @-) ww 2=* Wi (—j 


6. Express in the form a + ib: (i) 











(2 + i)? 1+i 
wy 1 +2i (2 +%° A gh = 2h 
) aaa) © Boy | Gra 
10. If = ules X + iY show, following the method of Example 





c+ id 
4 that X and Y satisfy the equations cX — dY = a,dX + cY = b. 
Solve these equations and show that the results are consistent with 
(4.9). 


4.3. THE GEOMETRICAL REPRESENTATION OF 
COMPLEX NUMBERS 


It was shown in section 1.1 that the real numbers could be 
represented by the points of a line. For convenience we recall this 
representation. Figure 4.1 shows a line, on which we choose a point 


Figure 4.1 


0 as origin. Positive numbers are represented by points to the right 
of 0, or displacements to the right of 0, and negative numbers by 
points or displacements to the left of 0. 

The real numbers, integers, rationals, irrationals and transcen- 
dental numbers completely fill the line, from which it is clear that 
we shall not be able to represent the complex numbers by further 
points of the line. A complex number of the form x +- iy is specified 
by the two real numbers x and y. The natural way in which to 
represent a complex number is thus by a point in the plane whose 
cartesian co-ordinates are the numbers x and y. The complex 
number x +- iy is thus represented by the point P(x, y) or by the 
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vector or displacement OP (Figure 4.2). Our real numbers which are 
of course just particular complex numbers (with imaginary part 
zero) are confined to the line x’0x, but complex numbers can be 
anywhere in the complex plane. This representation which is not 
necessarily the only possible representation of complex numbers 
was originally due to J. R. ARGAND and for this reason the complex 
plane of Figure 4.2 is often called the Argand diagram. 





Figure 4.2 


The length of OP, where OP is the vector representing the complex 
number x + iy is known as the modulus of the complex number. 
By Pythagoras’ theorem we see that OP = ,/(x? + y*). The modulus 
of a complex number is represented by the symbol |x + iy|. Thus 


Ix + yl = VG? + y) vo 0(4.10) 


It is conventional to represent a complex number by the single 
letter z, i.e. z = x + iy and so also |z| = |x + iy| = /(@? 4 y’). 


Example 1. Represent the complex numbers (i) 2 + i (ii) i (ii) 
—i (iv) —3 — 2i by points in the complex plane (Argand diagram). 

In Figure 4.3 the numbers (i), (ii),(iii) and (iv) are represented by the 
points A, B, C, D respectively or by the vectors 0A, OB, OC, OD. 


B(0,1)  A(2,1) 





Figure 4.3 
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1 
1+2z 





Example 2. If z= 1 +i, mark the points (i) 1 + z (i) in 
the complex plane. 


@1+z=1+14+i=2+4+i 


Thus the numbers (i) and (ii) are represented by the points Q and R 
(in Figure 4.4) or by the vectors 0Q, OR. 





Figure 4.4 


Exercises 4c 


1. Mark the points corresponding to the complex numbers 
(i) 2 + 3i (ii) 4 — i iii) —3 — 6i (wv) —1 + iin the complex plane. 

2. Find the modulus of each of the complex numbers in question 
1. 

3. z= 2 — 3i. Mark the points (i) z (ii) iz (iii) i2z in the complex 
plane. 

4. Show that |z| = |iz| where z is any complex number. 

5, zis the complex number x + 7i. If |z| = 25 find x. 


4.4. THE GEOMETRY OF COMPLEX NUMBERS 


The representation of complex numbers described in section 4.3 
enables us to give a geometrical interpretation of the rules for the 
addition and multiplication of complex numbers. 

Consider the two complex numbers 2 -+ 3i and 3 ++ i. These may 
be represented by the vectors OP and 0Q (Figure 4.5). 

Their sum is the complex number 5 + 4i which may be represented 
by the vector OR and we see from Figure 4.6 that OR is the vector 
sum of OP and 0Q. (i.e. starting from 0 draw OP, from P draw a 
line parallel to 0Q and of magnitude 0Q. We then arrive at the 
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point R; OR is the diagonal of the parallelogram with adjacent 
sides OP, 0Q.) 

If we consider the complex number 4 ++ 6i, multiplication by (i) 2, 
(ii) 4, Gi) —1 and (iv) i produces the complex numbers (i) 8 + 12 
(ii) 2 + 3i (ii) —4 — 67 and (iv) —6 + 47. These numbers and the 





R(5,4) 






P(2,3) 


Figure 4.5 


original number are represented by the vectors 0A, 0B, 0C, 0D and 
OP respectively. (Figure 4.7.) 

Thus we see that multiplication by a positive number (2 or 4 in 
our case) dilates or shrinks a vector, 0A = 20P; 0B = $0P. This 
is in agreement with our results for real numbers which were all 
represented along the one direction x’0x. Multiplication merely 
increases or decreases a number. Multiplication by —1 rotates a 





Figure 4.6 


vector through 180° but does not change its length. 0C = —OP. 
This again corresponds with results for real numbers. Multiplication 
of 4 say by —1 produced the number —4 which lies to the left of 0 
and is obtained by rotating the vector of length 4 units drawn in the 
direction of the positive x axis through 180°. Multiplication by 
(—1)%, ie. by 1 of course will rotate a vector through 180° + 180° = 
360° and so will leave it unchanged. 


. 
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Of particular interest is the interpretation of multiplication by i. 
From Figure 4.7 we see that the vector OD is perpendicular to the 
vector OP but has the same length as this vector. Thus multiplication 
by i rotates a vector through 90° in an anticlockwise direction. Of 
course multiplication by i? will rotate a vector through 90° + 90° = 
180°. But this is equivalent to multiplication by —1. This is 
consistent with (4.1) viz. i2 = —1. 





Figure 4.7 


The results of this section have been obtained by reference to 
particular examples. However, the results are perfectly general. The 
addition of complex numbers is equivalent to vector addition. 
Multiplication by a positive number merely increases (or decreases) 
the length of a vector representing a number; multiplication by —1 
and i rotate the vector representing a number through 180° and 90° 
respectively. 





P{x,-y) 


Figure 4.8 


Example 1. If z = x + iy, the conjugate complex number x — iy 
is conventionally represented by 7. What is the geometrical repre- 
sentation of Z? 
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With reference to Figure 4.8 we see that Z is represented by the 
reflection of the point representing z in the real axis. 


Example 2, Where must the complex number represented by z lie 
if |z| = 1? Find the cartesian equation of all points satisfying this 
condition. 

If |z| = 1, the length of the vector representing z is unity. Thus 
the point lies on a circle whose centre is the origin and radius is 1. 
(See Figure 4.9.) 


Figure 4.9 


If z=x-+iy, [2 =x*+y2=1 and this is the equation 
required. 


Example 3. What is the geometrical significance of |z — (2 + 3i)|? 
If z is the complex number x + iy 
z—(2+3i) =(@—2) +i — 3) 
Iz — (2 + 31] = JI@ - 2? +0 — 37] 
and so represents the distance between the points in the complex 
plane representing z and 2 + 3i. (Cf. section 17.5.) See Figure 4.10. 





Figure 4.10 
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Example 4. Find the cartesian equation of the locus of the points 

in the complex plane such that |z — i] = |z + i|. What is the geo- 

metrical interpretation of this locus? 

Ifz=x-+iy, z—-i=x+iQ—), z+i=x+i(yt+ 1) 
If jz—it?=|[z+i%, w+ Qy—-)?="+ 0+) 

i.e. e+y—Aytl=xeP+y+2y+1 

i.e. 4y=0 which is the x axis. 


The locus is the locus of points equidistant from the points i(0, 1) 
and —i(0, —1), i.e. the perpendicular bisector of the line joining 
these points which is the x-axis. See Figure 4.11. 





Figure 4.11 


It is important to realize that as far as complex numbers are 
concerned the notion that ‘one complex number is greater than a 
second complex number’ is meaningless. This applies to the notion 
that a complex number may be greater than or less than zero. 
There is no classification of complex numbers into positive and 
negative, this latter notion applying only to the real numbers which 
either lie to the right or left of 0. However, the complex number i 
for example is neither to the right nor to the left of 0, indeed it is 
directly above 0. This perhaps serves to remove some of the mystery 
that surrounds complex numbers. The idea that the square of a 
number is always positive is derived from the usual rule of signs as 
they apply to the real numbers. But the notion of ‘sign’ has no 
place as far as complex numbers are concerned, so it is not sur- 
prising that the squares of such numbers should be negative. 


Exercises 4d 
1. If z = 3 — 4i, evaluate (i) Z (ii) z + 3 (ii) z — 3i and interpret 
the results geometrically in the complex plane. 
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2. z= 2 — i, evaluate (i) 2z (ii) —3z (iii) 4iz and interpret the 
results geometrically in the complex plane. 


3. Evaluate (i) 3(4 + 5i) Gi) 2i(4 + 5i) and interpret the results 
on the Argand diagram. 


4. Evaluate (3 + 2i)(4 + 5i) and interpret the result on the 
ne diagram. (Connect this with the results of question 3.) 
5. If z = x + iy, show that |z|? = 272. 
6. If z = 3 — 2i evaluate ; and interpret the result geometrically. 
1 


1 
7. Show that}-|=—. 
z} lal 


8. If z = 2 find the locus of the point represented by z. 
9. If |z — 2| = |z + 2| find the locus of the point represented by z. 


10. If |z — 3i] = 2 |z — 3] find the locus of the point represented 
by z. 


4.5. THE CUBE ROOTS OF UNITY 


We have already seen (Exercise 4 of 4a) that the cubic equation 
x8 = 1, i.e. x? — 1 = 0 has 3 roots. 


x—1L=(x— 10? +x4+ 1) 
If x? —1=0, 

x—1=0 or x#*?+x4+1=0 
gale’. iV3 
= 


x=1 or 


The three roots of the equation are thus 1, _—s +58 and a — 
ae . By direct multiplication we see that the square ae the second 


(third) root equals the third (second) root. 
_! wh (-} 2) (-4 2) 
( AO) A oe os 
=1_3 [2 (- 2) 2 (—5)] 
4-4 ‘Lo\ a)? a2 
2 


4 
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and (1-12) = (-}-12)(-1- 22) 


HPO 


Thus we may denote the three cube roots of unity by 1, w, w* where 


pore or a Then |w] = /[()*+ (Zy]=1 





Figure 4.12 


and if we represent the three roots by points in the complex plane 
we see that they are equally spaced round a circle centre the origin 
and unit radius (Figure 4.12). We also observe that the sum of the 
three cube roots 


1 3 1 3 
Ltwtwtett(—$4Z)+(-5-Z)=0 


l+wt+w=0 .. (4.1) 


Example 1. \f w is one of the complex cube roots of unity show 
that (1 + w®)! = w. By (4.11) 


1+ w= —w 
(1 + wt = (—w)t = 4 = wWiw 
(1 + w*)}* = w since w? = | 
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Example 2. If w is one of the complex cube roots of unity show that 
(a + wh + we)(a + wb + we) = a® + 5? + c? — ab — be — ca. 
(a + wb + wc)(a + wb + we) = a® +- wb? + wc? + ab(w + w?) 
+ be(w? + w*) + ca(w? + w) 
=a*+ b?+ c2 + ab(—1) 
+ be(w? + w) + ca(—)) 
=a°+ b? + c? — ab — be — ca 
Exercise 4e 
If w is one of the complex cube roots of unity show that: 
1. (1 + w— w*)® — (1 —w + w}? = 0. 
2. 1 -w+ wd + w— w4) = 4. 
3. (+ ws=1. 
4.84 0 = (a+ ba + wha + wd). 
5. Oxy = (x + y)® + (wx + wy)? + (wy + wx)’. 


EXERCISES 4 
1. Express in the form a + ib: 


oF, wits aw (+ 


‘y. 
l —i 


2. If (x + iy)? = a + ib show that x? — yp =a, 2xy = b. Hence 
evaluate ,/(8 + 6i). 

3. Find the solutions of the equation x* + 7x + 20 = 0 in the 
form a + ib. Find the sum and product of the roots. 

4. If z® = 1, find the possible values for 1 + z + 2°. 


5. If z=cos0+ isin 0, find the modulus of : 
o<6<2, 
2 





+1 


A if 





1 
6. If z = x + iy, find the real and imaginary parts of (i) z? (ii) 3 


7. Show how to represent geometrically the sum of two complex 
numbers z, and z,. What is the meaning of |z, -+ Z|? 
8. Use the result of question 7 to show that |z, + z,| < |z,| + 


IZsl. 
9. Find the locus of a point z which moves so met Bet 





te = 3 
10. If w is one of the cube roots of unity evaluate 

@) (lL — wl — w’) 

(ii) (@ + b)(wa + wd)(w'a + bw). 
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11. Solve the equation x? + 4x + 20 = 0 giving the roots in the 
form p - iq where p and q are real. (J.M.B., part) 
a if a+ if = ./[(A + iB\(C + iD)] show that 
— Bf? = AC — BD, 208 = AD + BC and that 
2a? = AC — BD + ,/[(A® + B*(C? + D®)]. 
13. Express in the form X + iY 


a=» a =F ay ay 


14, Find two real numbers x and y so that 
x(3 + 41) — yp(l + 21) + 5 = 0. 


15. If (x + iy)? = a + ib show that a? + 5? = (x? + yy). 

16. If w is one of the complex cube roots of unity show that 

@ d+ w= 1 

Gi) dQ — wl — w’)(1 — wd — wl — w7)(l — w8) = 27. 

17. Show that the square roots of unity are equally spaced round 
the unit circle. Show that this is the case for the cube and four roots 
of unity. Where do you suppose the fifth or the sixth roots of unity 
lie in the complex plane? Verify by actual multiplication that the 
complex sixth root in the first quadrant is indeed a sixth root of 
unity. What is this complex sixth root? 

+ 3i 
3+ 47° 

(ii) If the complex number 4 ++ 7i is represented by the point P 
on the Argand diagram, write down the complex numbers which are 
represented by (i) the reflection of P in the x-axis (ii) the reflection 
of P in the line y = x (iii) the reflection of P in the line y = —x. 

(J.M.B., part) 

19. (a) Show that 1 + iis a fifth root of —4 — 4i. 

(b) Show that if a, b, c, d and (a + ib){(c + id) are real, then 


18. (é) Find the real and imaginary parts ye 


ad = be. Hence show that if z = x + iy and 4 4 is real, the 
point represented by z lies on the real axis or on a certain circle. 
(J.M.B.) 


20. Show that 
(a+b+c\(a+ wh + wee)(a + wd + we) = a + b3 + c® — 3abe 
where w is a complex cube root of unity. 


2 
*21. Solve the equation (244) = i, 
Zz —_— 
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*22. P represents the complex number z. Q represents z + iz. 
Show that OPQ is a right angled triangle where 0 is the origin. 

*23. The points A, B, C, D on the Argand diagram correspond to 
the complex numbers a, b, c, d respectively. Prove that 

(i) ifa —b +c —d=0 then ABCD is a parallelogram 

(ii) if also a + ib — ¢ — id = 0 then ABCD is a square. 

(J.M.B., part). 
*24. P represents the complex number z. Q represents the complex 


1 
number z + 3 Show that if P moves on the circle |z| = 2, Q moves 


ee ee ee 
on the ellipse m+ OG" 

*25. ABCD is a square in the complex plane. If A represents 
3 + 2i and D represents 4 + 3i, what complex numbers are repre- 
sented by B and C? 
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THE QUADRATIC FUNCTION AND THE 
QUADRATIC EQUATION 


5.1. THE GENERAL QUADRATIC EQUATION 


WE have already used the formula (1.2) in order to solve a quadratic 
equation. The result (1.2) can be obtained as follows: 

For the general quadratic equation ax? + bx + c = 0 where a, b, 
¢ are any real numbers with a at least non-zero, we have after 
division by a and a slight rearrangement of the terms 


The addition of the quantity b?/4a? to both sides makes the left hand 
side a perfect square, viz. [x + (b/2a)]?. 


2 2 2 
Thus (x De 
2a/ 4a? 4a? 
Ds.s. JCA — ee) _ +./(b® — 4ac) 
ae 2a 7 4a* i 2a 
paneer 2 — 
ee —b + V(b’ — 4ac) oo. (5.1) 
2a 


(5.1) enables us not only to solve quadratic equations but also to 
investigate the dependence of the roots on the relative values of 
a,b and c. In particular the type of roots which arise depend on the 
quantity b? — dace whose square root is involved in (5.1). This 
quantity is called the discriminant of the equation and is often 
denoted by the symbol D: 


D = b? — 4ac ++ (5.2) 


If b? — 4ac > 0, then the square root in (5.1) will be a real number 
and we shall obtain two real distinct roots of the equation. 
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If b® — 4ac = 0, so is its square root, and both roots of the 
equation will be real and equal. They will both equal —b/2a. 

If b? — 4ac <0, the square root involved in (5.1) is that of a 
negative number. Such a square root cannot be a real number. 
Indeed we have seen that it is a complex number. In this case we say 
that the equation has no real roots or the equation has complex roots. 


Example 1. Find the values of a for which the equation (3a + 1)x? + 
(a + 2)x + 1 = 0 has equal roots. 
The discriminant 


D=(a+4+2)?-—43a+ 1).1 
=@+4a+4—12a—4 
= a — 8a 


For equal roots D = 0 
Y a’ — 8a=0 


a(a — 8)=0 
a=0Oora=8. 
Example 2. Show that the roots of the equation (x — a)(x — b) = 


kK? are always real if a, b and k are real. 
We first write the equation in the form 


x? — (a+ b)x + ab—k? =0 
The equation has real roots provided its discriminant is not a 
negative number. 
The discriminant D = (a + b)? — 4(ab — k*). We require to show 
that D> 0. Now 
D=(a+ b)? — 4(ab — k*) 
= a? + 2ab + b? — 4ab + 4k? 
= a® — 2ab + b? + 4k? 
= (a — b)? + 4k? 
We have been able to express D as the sum of the squares of two real 
numbers. This proves D > 0 which is the condition for real roots. 
(N.B. A standard technique for proving a number to be non- 


negative is to express it as the sum of the squares of one or more 
real numbers.) 


Example 3. Find the values of 4 for which the roots of the equation 
x? — BA + Ix + A? -—1= 5A are real. 
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The equation can be written in the form 
x? — (344+ Ix+ 2 -—5A—1=0 
The discriminant 
D = (3A + 1)? — 4(1)(A? — 54 — 1) 
= 94? + 64+ 1 — 442+ 20144 


= 5424+ 26445 
For real roots 
D>Q, ie. 542+ 264+5350 


(54+ 14+ 5)>0 


This inequality is satisfied if both factors have the same sign. If 
this sign is positive A > —; if this sign is negative A << —5. Thus 
the equation has real roots ifA << —S5orA> —1. 


Exercises 5a 


1. Find a if the equation (Sa + 1)x? — 8ax + 3a = 0 has equal 
roots. 

2. If the equation (7p + 1)x? + (Sp — 1)x + p=1 has equal 
roots find p. 

3. For what values of k does the equation x? — (4+ k)x+9=0 
have real roots? 

4. Find the greatest value of 4 for which the equation (A — 1)x? — 
2x + (A — 1) = 0 has real roots. 

5. Show that the equation x* — 2px + p? — gq? = 0 has real roots 
provided p and q are both real. 

6. Show that the equation x? — 2ax + 3a? + b? = 0 cannot have 
real roots if a and b are real. 

7. Show that the roots of the equation x? + 2x = (2a + 2b + 1) x 
(2a + 2b — 1) are integers if a and b are integers. 

8. The equation x? + 2px + p? + q? = r* has real roots. Show 
that r? > q*. 

9. Find the values of a if the equation (a + 3)x® — (1la + 1)x + 
a = 2(a — 5) has equal roots. 

10. Show that the roots of the equation x? — 2x = (b — c)? — 1 
are rational if b and ¢ are rational numbers. 


5.2, THE QUADRATIC FUNCTION 


In this section we shall examine the values of the quadratic 
function y = ax* + bx + c as x takes on different real values. 
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First we notice that for large positive or large negative values of x, 
the dominant part on the right hand side is ax?. Since x? is always 
positive we see that y will have the same sign as a for large positive 
or large negative values of x. 

y = ax* + bx + c may be written as 


ysa(x +2 +4) 

a a 

= 2, bx , bY £2) 
a(x +2 4a27 a 4 


| 
2 


(x i oy 2 (5.3) 
Cees aera | 


al + =. of Yb? = 4ae) “00 E ue b Je 400) 





2a 2a 2a 
y =ax® + bx + ¢ = a(x — a)(x — B) 2 (5.4) 
_ 2 —p— 2 
where « = ee and ~ = ew AC are the 


roots of the equation ax? + bx +c =0. 

Thus we see that y = a(x — «)(x — f) is zero for the two values 
x = «and x = f as we would expect. 

We may suppose without any loss of generality that one root say 
a is not less than B i.e. x > 8. Then for any value of x the sign of y 
is the same as the sign of a(x — «)(x — 8). 

Then (x — «)(x — f) is positive when x > « since both factors 
are then positive, and (x — «)(x — f) is also positive for x < B 
since both factors are then negative. For B <x < « however, 
(x — «)(x — f) is negative since one factor is then negative and the 
other positive. To sum up we have the important result: 

The sign of y = ax? + bx + ¢ is the same as the sign of a except 
for those values of x which lie between the roots of the equation 
ax? + bx +c=0. 
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This result combined with the procedure for determining the 
nature of the roots enables us to make a sketch of the graph of the 


function y = ax? + bx +c. There are six cases to consider (see 
Figure 5.1). 





a>0O 
b-4ac>0 
x 
y y 
a>0O a<O0 
b4ac= (@) b’-4ac-0 
o x we) x 
(c) Real equal roots 
y (d) Real equal roots 
y 
a>0 a<O 
2 2 
b°-4ac<0 0 . b°-4ac<0 0 . 
(e) No real roots (f) No real roots 
Figure 5.1 


Example 1. Show that 3x? + 6x + 20 is always positive. 
3x? + 6x + 20 = 3(x? + 2x + 28) 
= 3? + 2x + 1+ 42) 
= 3[(x + 1)? + 47] 
which, being the sum of two positive quantities, is always positive. 
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Example 2. Show that if a > 0, y = ax? + bx + ¢ has a minimum 
value when x = — =. 
2a 
We have seen 


- +y tect 
yaal(x+2 - 4a? 


4ac — hb? b¥ 
= 0( 855") +(e +32) 


bY. cae ; se 
Now a(x + x) is never negative, if a is positive, and has a 


minimum value of zero when x = —b/2a. Thus y has a minimum 
value of 


when x = eee 
4a 2a 


xet+x+l 
x+1 


(“ - ) 4ac — b* 

a| —_— } = ——— 
4a? 

Example 3. If x is real show that y = 

< —3. 


We have jee 
x+1 


This we rewrite as a quadratic in x so that 
xe+x+l=xt+y 
i.e. x+x1l—y+l—y=0 


Since x is always real, the discriminant of this equation is greater than 
or equal to zero 


is either >1 or 


i.e. (1 —y)?—40 —y)>0 
(1 — y(—3 — y) > 0 
Vy —-DO+3)>0 


Now, the roots of the equation (vy — 1)(y + 3) = 0 are y= 1 and 
y = —3, and the coefficient of y? for the function(y — 1)(y + 3) is 1. 


(v—)DO+3)> 0 (the same sign as 1) for 
y>1l or y< —3 
yol or <—3 whatever the value of x. 
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Exercises 5b 

1, Show that x? + 4x + 13 > 0 for all values of x. 

2. Show that 16x? — 24x + 10 > 0 for all values of x. 

3. Prove that 6x — 4 — 9x* can never be greater than —3. 

4. Show that if a < 0, y= ax? + bx + c has a maximum value 
when x = —b/2a. What is this maximum value of y? 

5. Find the maximum value of 5 + 6x — x2. 

6. Find the minimum a of 12x? + 24x + 13. 


7. Show that if x is real, ~ i can have no real values between 


> 2x 
3 and 4. 
=ey 2 
8. If x is real show that eet 
which does not lie between —4(,/2 + 1) and 4(,/2 — 1). 
x® + px + p 
x* + 9x +9 


can take on any real value 


9. If p and q are both real a q > 4, show that 


P= 


cannot be between p/g and FS $ when x is real. 


3 
10. Find the possible values of k if os may be capable of 





taking on all values when x is real. 
5.3. THE RELATION BETWEEN THE ROOTS OF A 
QUADRATIC EQUATION AND THE COEFFICIENTS 


We have seen that the roots of the quadratic equation ax? + 
—b + ./(b? — 4ac) 


bx-+e¢=0 are the two numbers and 
—b — ./(b? — 4ac) oe 
aera, 7 aa If we denote these roots by « and § in some 


order we see that 


= b J(b? — Aac) b V(b? — 4ac) _ b,. b 
ce 2a 2 2a 2a 2a a 


and «f = |-2 4+ VO —*09)[_ 2 Ve — feo) 


2a 2a 2a 


= (-2)- (7>—**) _4ac_¢ 
2a 4a? 4a? a 


Thus we have the important results: 
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If « and f are the roots of the quadratic equation ax? + bx +c=0 


the sum of the roots equals — a) 


eee ... (5.5) 
a 


c 
the product of the roots equals ao 


ap =< ... 5.6) 
This same result would have een obtained by using (5.4). For 
then we have 
ax? + bx + ¢ = a(x — a)(x — B) 
ax® + bx + ¢ = ax* —a(a+ B)x 4+ aa. 


These two expressions are identical and on equating the coefficient 
of x, and the term independent of x we obtain: 


b=-~—a(a+ ff) and c= aap 
i.e. atp= an. pus as before. 
a a 
(We notice that the coefficients of x* are both equal to a.) 


Example 1. If « and B are the roots of the equation ax? + bx +- 
c = 0 obtain in terms of a, b, and c the values of (i) «? + f? (ii) 





3 E i a3 + B3. 
We express (i), (ii) and (iii) in terms of « + 8 and af. 
For (i) a? + BP? =a + 208 + B* — 2aB 
= (u + B® — 208 
es (- ey 2c 
a a 
2 2 2 
+p 4.2 5 ac 
For (ii) 
2 2 2 
ibis SD) Deas age i <= by the previous result 
Bp « ap a 
mu B _ b® —2ac 
Bp «@ ac 


THE QUADRATIC FUNCTION AND THE QUADRATIC EQUATION 
For (iii) a + BP? =(@ + Bo? — a8 + f?) 


—2(P= 28 2) wy 


a a 
a _ ps 
atch ple 2 ae) = sabe 
a a a 


Example 2. If one root of the equation px? + gx + r = 0 is three 
times the other root show that 3g? = l6pr. 


Suppose the roots are « and 3a(f). Then from (5.5) and (5.6) 


e+ 3a = 4g = — 2% and «.3%=30?—=— 


We eliminate « from these two equations. From the first equation 
a = —(q/4p) 





3qe er 
16p?> p 
3q° = 16pr 


Example 3. The roots of the equation x? + px-+q=0 are y 
and 6. Form the quadratic equation whose roots are y + 6 and 
I/y + 1/6. 

Let the required equation be x? + Px + Q@=0 


By (.5) P=—-(y+a+4+4) =—(r+0+243) 





q q 
B66) Say +5(2+4) -G + H(244) 
1 é 76 
_&y +6? _ Pp 
76 q 
the required equation is x* + p/q(1 + 9)x + p'/q =0 
ie. qx* + p(l + g)x + p? =0 
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Exercises 5c 

1. If « and £ are the roots of the equation 3x? — 7x — | = 0 find 
the values of (i) (« — B)? (ii) a? + f? (iii) «4 + Bt. 

2. If «and £ are the roots of the equation Sx? — 3x — 1 = 0, form 
the equations with integral coefficients which have the roots (i) 
1/0? and 1/6? (ii) «?/B and f?/a. 

3. Find the condition that the roots of the equation px® + gx + 
r = 0 should be (i) equal in magnitude and opposite in sign, (ii) 
reciprocals. 

4. One root of the equation px* + qx + r = 0 is twice the other 
root. Show that 2g? — 9rp = 0. 

5. y and 6 are the roots of the equation px? + 9x +r=0. 
Find in terms of p, g and r (i) y — 4, (ii) y? — 6, ii) y® — & 
[= (vy — dy? + yd + 6%], (iv) yt — 5%. 

6. One root of the equation x? — px +q = 0 is the square of 
the other. Show that p? — g(3p + 1) — q? = 0 provided q + 1. 

7. If «and £ are the roots of the equation ax? + bx + c = 0, form 
the equation whose roots are «/? and B/a?. 

8. If one root of the equation px? + gx + r= 0 is four times the 
other show that 4q? — 25pr = 0. 

9. Find the relationship which must exist between a, b and c if the 
roots of equation ax? + bx + c = 0 are in the ratio p/q. 

10. Form the quadratic equation for which the sum of the roots 
is 5 and the sum of the squares of the roots is 53. 


EXERCISES 5 


1, Find in their simplest rational forms the quadratic equations 
whose roots are: (i) 3 + 4/5, (ii) —2 + 3/2, (iii) a + 2b. 

2. Prove that if a, 6 and c are real the roots of the equation 
(a? + b®)x® + 2(a? + b? + c®)x + (6? + c*) = 0 are also real. 
(x — 1)(x — 5) 
(x — 2)(x — 4) 
4. Can it attain these two values and if so for what values of x? 

4. If the roots of the equation px? — 6qx — (9p — 10g) = 0 are 
2% — 3 and 28 — 3, find the equation whose roots are « and 8. 

(L.U., part) 

5. For what values of k has the equation (x + 1)(x + 2) = 
k(3x + 7) equal roots? 

6. Show that the roots of the equation (a — b + 1)x? + 2x + 
(b — a+ 1) = O are both real if a and 5 are real. 

7. If « and f are the roots of the equation 2p*x? + 2pgqx + 
gq? — 3p? = 0, show that «? + ? is independent of p and q. 


3. Show that if x is real cannot lie between 1 and 
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8. Show that the equation (x + 1)(x — 4) = mx has two distinct 
roots for all real values of m. 


; x+2 
9. Prove that, for real values of x, the function ne eae 
cannot be greater than 4, nor less than —}. Find for what values 
of x, if any, it attains these values. (S.U.J.B.) 


10. Show that the roots of the equation 2bx? + 2(a + b)x + 
3a = 2b are real when a and b are real. If one root is double the 
other show that a = 2b or 4a = 1108. 

11. For what values of k does the equation 10x?+ 4x +1 = 
2kx(2 — x) have real roots? 

(x + 2)? 


ee] cannot lie 





12. Show that the value of the expression 


between 0 and 4 if x is real. 

13. Find the ranges of values of k for which the equation x? +- 
(k — 3)x +k =0 has (i) real distinct roots (ii) roots of the same 
sign. (J.M.B., part) 
ae Oe a 
shall have roots equal in magnitude but opposite in sign. 

15. If a and b are real prove that the roots of the equation 
(3a — b)x* + (6 — a)x — 2a = 0 are real. 

16. «and # are the roots of the equation x? + px +q=0. Form 
the equation whose roots are « + B and « — B. 

17. Show that for all real values of « and f the value of the 








14. Find the condition that the equation . = 


; x? — aB : 
function —_-———,, cannot lie between a and f. 
2x—a—f 


(J.M.B., part) 
18. If p and q are non-zero find the condition that the roots of the 
equation (x — p)(x — q) = px are both real whatever the value of 


in 
19. Show that if the roots of the equation 3x?+ 6x —1-+ 
m(x — 1)? = 0 are real, then m is not greater than 3. Find m if one 
root is the negative of the other. 
20. Find the condition that the quadratic equations /,x? + 
mx +n, = 0 and ix? + mx + n, = 0 have a common root. 
21. Find the values of k for each of which the quadratic equations 
x? + kx — 6k = 0 and x? — 2x — k = 0 have a common root. 
(J.M.B., part) 
22. If the quadratic equations x? + ax + b = 0 and x? + bx + 
a=0 (ab) have a common root, show that the solutions of 
2x* + (a + b)x = (a + Db)? are x = 1 and x = —}. (L.U., part) 
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23. If « and «’ are the roots of the equation (x — f)(x —~ B’) = y, 
show that f and f’ are the roots of the equation (x — a)(x — a’) + 

24, If the roots of the equation x? + bx + ¢ = Oare a and # and 
the roots of the equation x? + Abx + A?c = 0 are y and 6 prove 
that: 

(i) (wy + Bd)(ad + By) = 2A?c(b? — 2c) 

(ii) the equation whose roots are «y+ 8d and «d+ By is 
x? — Ab?x + 2A?c(b? — 2c) = 0. (J.M.B., part) 

25. Find the limits between which k must lie in order that 


kx? — 6x + 4 . 
ax? — 6x Lk MAY be capable of all values when x is real. 
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6 


PROPERTIES OF THE 
TRIGONOMETRIC FUNCTIONS 


6.1. THE MEASUREMENT OF ANGLE 


When a line OP rotates from a position OX to some other 
position OP, the angle POX is said to be positive if the sense of 
rotation is anticlockwise, and negative if the sense of rotation is 
clockwise. Thus in Figure 6.la 2POX = 115° and in Figure 6.1b 
ZPOX = —49°, 

Angles are generally measured in degrees (360° = one revolution) 
or radians, this latter unit being defined as follows. Let AB be an 
arc of a circle, centre O, equal in length to the radius r of the circle 
(Figure 6.2a). Then ZAOB is one radian. If CD (Figure 6.2b) is 


xX 


Figure 6.1 





Figure 6.2 
94 





THE MEASUREMENT OF ANGLE 
an arc of length s, then 2 COD is defined to be 


= 5 radians . 2. (6.1) 
r 


From (6.1) one complete revolution is equivalent to 2ar/r = 27 
radians. Thus we have the relationship between the two units 


27 radians = 360° 


a radians = 180° ..» (6.2) 

lradian = () = 57:2958° = 57° 17' 45”... .(6.3) 
Tv 

and 1° = — radians ... (6.4) 
180 


Example 1. Express the following angles in radians: (i) 37° (ii) 
— 143° 10’. 
(i) By (6.4), 


ays CO diang SO 8458 mdians 
180 
(ii) — 143° 10’ = —1432° = —143-166° 
—143°10’ = — sere radians = —2-499 radians 


Example 2. Express the following angles in degrees and minutes 
correct to the nearest minute: (#) 2:1 radians (ii) 7/12 radians. 


(i) By (6.3), 
2-4 tadians = 22% 180 decrees = 120-316" 


WT 


= 120° 19’ (correct to the nearest minute) 


(ii) = radians = (2 x sy = 15° 
12 12 7 
Although an understanding of the relationship between the units 
concerned is desirable, in practice the conversions of the examples 
above are best carried out with the aid of tables. 


Exercises 6a 

1. Express the following angles in degrees and minutes correct to 
the nearest minute: (i) 3-2 radians (ii) —1-58 radians (iii) m/5 
radians. 
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2. Express in radians (i) 235° (ii) 14° 4’ (iii) — 128° 10’. 

3. Which is the larger of the following pairs? (i) 129° or 2:16 
radians (ii) 19° or 4 radian. 

4. Verify the correctness of the following useful equivalents: 


(i) a radians = 90° (ii) ri radians = 45° (iii) 74 radians = 60° 


(iv) 7 radians = 30° (©) = radians = 120°. 


5. For which of the following angles will the positions of OP 
coincide? Z POX = (i) —120° (ii) 135° (iii) 600° (iv) 240° (v) —225° 
(vi) 30°. 


6.2. THE TRIGONOMETRIC RATIOS FOR AN ACUTE 


ANGLE 


For an acute angle 6 the trigonometric ratios are defined as follows 
(see Figure 6.3). 


sin 6 =~, cos @ =~, tang =» ....(6.5) 
r r x 

cosec 0 aA sec 0 wt. cot@ =~ .(6.6) 
y x y 





Figure 6.3 


Thus we have immediately the following relationships between the 
six ratios 


oui, ee eee i ee ....(6.7) 
sin 6 cos 8 tan 0 
Also tang =2 = 2/5 
x rir  cosé 
and cot == 8/2 OS ... (6.8) 
y rir sind 


THE TRIGONOMETRIC RATIOS FOR AN ACUTE ANGLE 
Furthermore x? ++ y? = 7? 
2 2 
pth 
ie. cos? 6 + sin? 9 = 1] .. (6.9) 
This may be written in either of the forms 
sin? 9 = 1 — cos? 0, cos? @ = 1—sin?6 ....(6.10) 


In addition we have 


y? r 


x+y? 


1+ tan? 6 =1 yates 
te a 2 2 
1 + tan? @ = sec* ... (6.11) 
2 2 2 
and ipetoetae =e 
y y y 
1 + cot? 9 = cosec? 0 ... (6,12) 


The relationships (6.5) to (6.12), which are true quite generally for 
any acute angle, enable us to calculate all the trigonometric ratios 
if one is known, and are of value in rewriting trigonometric ex- 
pressions in alternative and simpler forms. 


Example 1. If sin 6 = 1/,/3 and 0° < 0 < 90° find the values of 
the other trigonometric ratios of the angle 6. 





From (6.10) 
cos? 9 = 1 — sin? 6 = 1—-4=3 
e cos 6 = ,/% 
By (6.8) 
6 1 
tang — 228 1 
. cos9  ./2 
and by (6.7) 


secO=./3,  cosecO=./3 and cot@=./2 


Example 2. Show that sin? 6 + (1 + cos 6)? = 2(1 + cos 6). 
The left hand side (L.H.S.) = sin? 6 + (1 + cos 6)? 
= sin?@ + 1-+2cos@ + cos? @ 
=2+2co0s6 
(since cos? 6 + sin? 6 = 1) 
= 2(1 + cos 8) 
= right hand side (R.H.S.) as required. 
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Example 3. Show that (fee a Bin =) (At sccx pee ) = tan x 
1 + cos x/ \1 + cosec x 
1 cosx + 1 
LHS. = (2 + sin *) cosx } _ 1+ sin x cos x 
1+ cosx 1 1+cosx} sinx+1 
sin x sin x 
_ L+sinx 1+ cos x sin x 80% _ tanx 


1+cosx' cosx ‘1+sinx cosx 
Trigonometric identities may often be proved by reducing one 
expression (usually the more complicated) to the second. In other 
cases we may proceed by 
(i) showing that L.H.S. — R.H.S. = 0 or 


= 1, 





L.H.S. 
(ii) showing that RHS. 


Example 4. Show that ———— = 
. 1—cos¢ sin 


LHS. sin sin sin? sin® 


RHS. 1—cosd'1+cos$ 1-—cos?¢ sin? ¢ 
LH SS RS je tis ost 
1 —cos ¢ sin } 
Exercises 6b 
1. If cos 6 = 22 and 0° < 0 < 90° evaluate sin 0, tan 6, cot 6, 
sec 0, cosec 6. 
2. If tan 9 = 3 and 0° < # < 90° evaluate sin @ and cos 0. 


2\5/2 
3. If x = acos 6, simplify (i) a? — x? (ii) (1 _ <) ‘ 


— ; 1 
4. If x = a tan 0, simplify () Pax (ii) J( +S “). 


5. If c= cos 6, express in terms of ¢ (i) 3 sin? 6 — 2cos 6, 
(ii) tan? 6 + 2 cos 9, (iii) cosec 6 + sin 0. 
6. If 6 cos? 6 + 2 sin? 6 = 5 show that tan? 6 = }. 


7. If acos? 6 + b sin? @ = ¢ show that tan? 0 ~-—. 
8. If cot? 6 + 3 cosec? 6 = 7 show that tan 6 = +1, 
Show that: 
9, tan 8 + cot 6 = sec 6 cosec 0. 
10. 4 — 3 cos? 6 = 3 sin? 6 + 1. 
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ll 1+.cos@ sec#—1_, 
“1—cos@' secO+1 — 
12. (1 + sin 6)? + cos? 6 = 2(1 + sin 8). 
13. (sin 6 + cos 6)? + (sin 6 — cos 6)? = 2. 
14. (cosec x — cot x) (cosec x + cot x) = 1. 
15. cos* A — sin* A = cos? A — sin? A. 
1 — sin 6 
16. —————— = # — tan 6)’. 
1 + sin 6 id at) 
1+ tan A —secA _1+secA —tanA 
secA+tanA—1 secA+tanA+1 
18 cos 0 1 + sin 6 
“1+ sin 6 cos 0 
19. If x’ = x cos 6 + y sin 0 and y’ = x sin 8 — y cos 0 show that 
x’ + y? = x? + y, 
20. If x =rsinOcos 4, y=rsin 0 sind, z = rcos 0 show that 
xt yt 2= 7’, 


17. 


= 2 sec 0. 


6.3. THE TRIGONOMETRIC RATIOS FOR ANY ANGLE 


The definitions of the trigonometric ratios given in the previous 
section can only apply to acute angles, since they involve the ratio of 
the sides of a right-angled triangle containing the given angle. In 
this section we shall define the trigonometric ratios in such a way as 





Figure 6.4 


to be applicable to angles of any size. These new definitions, if 
applied to acute angles will of course yield the same results as before. 

We shall measure angles from a fixed line X’OX on the plane. 
Y’OY is a line in the plane perpendicular to X’OX (Figure 6.4). 
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This pair of lines divides the plane into four quadrants, XOY, 
YOX’, X’OY’, Y’OX (the first, second, third and fourth quadrants 
respectively). Let OP be any line in the plane through O and let 
ZPOX = 6. This is defined in accordance with the sign convention 
of section 6.1. 

Let x and y be the cartesian co-ordinates of P, referred to the 
axes X’OX, Y’OY, also defined with the usual sign conventions. Let 
OP = r be measured as positive for all positions of P. Then the 
trigonometric ratios for 7 POX are defined as 





sino —2, cos 6 =~, tang =» «+ (6.13) 
r r x 
and 
1 1 1 
¢=—, sec 9 = ; cot @ =——. .....(6.14 
Powe sin 6 cos 0 tan 0 om 





Figure 6.5 


If these definitions are applied to an acute angle, i.e. one which 
lies in the first quadrant, the results are identical with those given in 
section 6.2 (see Figure 6.5). 

For other angles, however, we must take account of the signs of 
x and y. If P is in the first quadrant then x, y and r are all positive, 
so that the sine, cosine and tangent are all positive. If P is in the 
second quadrant y is positive and x is negative, so that the sine is 
positive but the cosine and tangent are negative. If P is in the third 
quadrant x and y are negative so that the sine and cosine are negative 
but the tangent is positive. If P is in the fourth quadrant x is 
positive and y is negative, so that the sine and tangent are negative 
but the cosine is positive. These results may be memorized with the 
aid of the following diagram which shows which of three ratios 
(sine, cosine and tangent) are positive in each quadrant. 


sin | all 








tan | cos 
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With the definitions (6.13) and (6.14) it is clear that the identities 
(6.9) to (6.12) will remain valid for angles in either of the four 
quadrants since the relation x? + y? = r* is true whatever the signs 
of x and y. 

The definitions (6.13) and (6.14) enable us to define the trigono- 
metric ratios for any angles. Tables of the trigonometric functions 
only exist for angles in the range 0° to 90°. These tables are however, 
quite sufficient, for the trigonometric ratios of any angle may be 
expressed in terms of the trigonometric ratios of an acute angle. 





Figure 6.6 


The following general relationships proved below are of value in such 
transformations. 

First we observe that if ZPOX = 6 and ZP’OX = —9, then 
P and P’ are the mirror images of each other in the line X’OX 
(Figure 6.6). Thus OP = OP’ =r, say. 

Also, the abscissae of P and P’ are the same, but their ordinates 
though equal in magnitude are opposite in sign, thus by (6.13) 


sin (—0#) = — Y — —sin 8 
r 
x 
cos(—#)= -= cos6 ... (6.15) 
r 
tan (—6) = — » — —tan 6 
x 


If P and P’ are the ends of a diameter of a circle radius r, and 
ZPOX = 6, then Z P’OX = 180° + 6. But we can see (Figure 6.7) 
that in this case the abscissae and ordinates of P and P’ are equal in 
magnitude but opposite in sign. 
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Thus by (6.13) 
sin (180° + 6) = —* = —sin 6 
r 


cos (180° -+ 6) = —* = —cos 6 .. (6.16) 
r 

tan (180°+ 6) = —% =% =tano 
—X x 





Figure 6,7 
If we replace 0 by —6 in (6.16) we obtain, after using (6.15) 
sin (180° — 0) = —sin(—§) = sin @ 
cos (180° — 6) = —cos (—#) = —cos 6 .. + (6.17) 
tan (180° — 6) = __ tan (—0) = —tan 0 





Figure 6.8 


If ZPOX = 6 and ZP’OX = 90° + 0 then P and P’ lie on the 
ends of perpendicular radii of a circle centre O and radius r (Figure 
6.8). 
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Thus if P is the point (x, y), P’ is the point with co-ordinates 
(—y, x). Thus 


sin (90° + 6) = = cos 6 


x 
r 


cos (90° + 6) =—» = —sin 6 . s+ -(6.18) 
r 


tan (90° -++ 6) = =~ = —cot 6 
x 









360°9 
£ | 


Figure 6.9 


If we replace 0 by —6 in (6.18) we obtain after using (6.15) 
sin (90° — 6)= cos(—6)=cos 6 
cos (90° — 6) = —sin (—6) = sin 9 ... (6.19) 
tan (90° — @) = —cot (—6) = cot 0 

If ZPOX = 0 and ZP’OX = 360° ++ 6, then P and P’ coincide 


and if P is the point (x, y) P’ is also the point (x, y) (Figure 6.9). 
Thus 


sin (360° + 6) = sin 0 
cos (360° + 6) = cos 4 «++ -(6.20) 
tan (360° + 6) = tan 6 
If we replace 6 by —@ in (6.20) we obtain 
sin (360° — 6) = sin(—6) = —sin 0 
cos (360° — 6) = cos(—9) = __ cos 8 ... (6.21) 
tan (360° — 6) = tan (—0) = —tan 0 
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Example 1. Evaluate (i) sin 150° (ii) cos 210° (iii) tan 300° (iv) 
cos 420° 

(i) sin 150° = sin (180° — 150°) 


= sin 30° = 0-5 
(ii) cos 210° = cos (180° + 30°) 

= cos 30° = —0-866 From 
(iii) tan 300° = —tan (360° — 300°) { tables 


= —tan 60° = —1-732 
(iv) cos 420° = cos (360° + 60°) 
= cos 60° = 0-5 


Example 2. Express in terms of the trigonometric ratios of positive 
acute angles (i) cos — 170° (ii)tan 210° (iii)cos —300° (iv) sin — 500°. 
(i) cos —170° = cos 170° = —cos (180 — 170°) = —cos 10° 
(ii) tan 210° = tan (180° + 30°) = tan 30° 
(iii) cos —300° = cos 300° = cos (360° — 300°) = cos 60° 
(iv) sin 500° = —sin 500° = —sin (360° + 140°) 
= —sin 140° = —sin (180 — 140°) = —sin 40° 
Exercises 6c 
1. Evaluate (i) sin 160° (ii) cos —400° (iii) tan 520° (iv) sin —200°. 
2. Express in terms of the trigonometric ratios of positive acute 
angles (i) cos 190° (ii) tan —410° (iii) cos 300° (iv) sin —740°. 
3. Show that sin (270° — 6) = —cos 8, cos (270° — 6) = —sin 9, 
tan (270° — 8) = cot 0. 
4, Show that sin (270° — 6) + sin (270° + 6) = —2 cos 0. 
5. Show that cos 210° cos 150° — sin 210° sin 150° = 1. 
6. Evaluate (i) sin 37/2 (ii) cos —97/4 (iii) tan 1177/3 (iv) sin —87/3. 
7. Evaluate (i) sin 180° (i) sin 270° (iii) sin 360° (iv) cos 180° (v) 
cos 270° (vi) cos 360°. 
8. If sin 6 = 1/,/3 and 6 is obtuse find cos @ and tan 0. 
9. tan 6 = ? and 6 is in the third quadrant; calculate sin 6 and 
cos 6, 
10. If A, B and C are the angles of a triangle, show that (i) 
Cc 


sin (90° + A) = —cos(B + C)and (ii) sin 2 $ Z = C085 





6.4. THE GRAPHS OF THE 
TRIGONOMETRIC FUNCTIONS 


For angles in the range 0° to 90° the trigonometric ratios have 
been tabulated. Thus the graphs of these ratios may be plotted very 


104 


THE GRAPHS OF THE TRIGONOMETRIC FUNCTIONS 


accurately for acute angles. The results of the previous section then 
enable us to plot the graphs for other values of the angle. 

Less accurately we may obtain the graph of the function y = sin x 
as follows. Consider a circle of unit radius with centre O. Let 
X’OX and Y’OY be two perpendicular axes. Then if ZPOX = x 












270° 360° 





450® 540° 630° 





Figure 6.10 


and P is on the circumference of the circle, sin x is equal to the 
projection of OP on the axis Y’OY. In Figure 6.10 several positions 
of OP corresponding to different angles are shown together with the 
projection of OP on Y’OY. These enable us to obtain the graph 
shown. 





— 180° -—90° 180° 270° 360° 450° 540° 


Figure 6.11 


From Figure 6.10 the maximum value of sin x is seen to be 1 and 
the minimum value —1. The graph crosses the x-axis at x = 0°, 
+180°, +360°, etc. 

The graph for the function y=cosxcan be obtained from 
Figure 6.10 by means of the relation 


cos x = sin (90° + x) [From (6.18)] 


Thus the ordinate of the sine curve at x + 90° is the ordinate of the 
cosine curve at x. The cosine curve is thus the sine curve moved 90° 
along to the left. This is shown in Figure 6.11 from which we see that 
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cos x has maximum and minimum value +1 and —1 respectively. 
The curve crosses the x-axis at x = +90°, +270°, +450°, etc. 

For the function y = tan x, let C be the centre of a circle of unit 
radius at unit distance from a vertical line Y'OY. Let CP be a 
radius of this circle. Produce CP (or PC) to meet Y’OY at Q. Then 
OQ (with appropriate sign) represents the tangent of angle PCO. 
In Figure 6.12 various positions of P and Q are shown and the graph 
of y = tan x is obtained from this. 


ystanx 





Figure 6.12 


From the graph we see that y = tan x is unbounded at x = +90°, 
+270°, etc. and crosses the x-axis at x = 0°, -- 180°, +360°, etc. 

The graphs above, or more accurately the tables of the trigono- 
metric functions, enable us to evaluate the trigonometric ratio of any 
angle. The ratios for the particular angles 30°, 60° and 45° can 
however be obtained exactly from considerations of an equilateral 
triangle and an isosceles right angled triangle. Thus in Figure 6.13 
OPN is an isosceles right angledtrianglein which ON = PN = 1 unit. 
Then / OPN = 45° and by Pythagoras’ theorem OP = ./2 units. 
Thus 


ON PN 1 


gage ON cos 45° = —— = — and 
OP aie OP aia 
tan 45° cls =1 = ....(6.22) 
PN 
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In Figure 6.14 OPQ is an equilateral triangle of side 1 unit, ON 
being an altitude. Thus PN = NQ = } unit and ZOPN = 60°. 
ZPON = 30°. Now ON? = OP? — PN? = 1 — } = }. 


on = 3 
2 


sin 30° = PN = cos 60° = 
OP 


cos 30° = oN = sin 60° = 
Oo 


P 2 ... (6.23) 
tan 30° = aN = cot 60° = = 
ON 
tan 60° = cot 30° = ,/3 
(@] 6) 
v2 1 
: As) 4 : ey . 
Figure 6.13 Figure 6.14 


The results (6.22) and (6.23) are often useful and are worth the 
trouble of memorizing. 


Exercises 6d 

1. Plot the graphs of (i) y = sec 6 (ii) y = cosec 6 (iii) y = cot 6 
for all values of 0 in range —720° to +720°. 

2. Plot the graph of (i) y = sin 2x (ii) y = cos (x + 45°) (iii) 
y = tan Qx + 30°). 

3. Plot the graph of (f) y = 3cosx + 4sinx and on the same 
scale (ii) y = 5 sin (x + 36° 52’). What do you notice? 

4. Plot the graph of (i) y = cos x — sin x and on the same scale 
(ii) y = 1/./2 cos (x + 45°). What do you notice? 

5. Without using tables write down the values of (i) sin 120° (ii) 
tan —135° (iii) tan 315° (iv) cos —240° (v) sin 37/4 (vi) tan —27/3 
(vii) tan —52/4 (viii) cos 57/4. 


6.5. THE ADDITION FORMULAE 


In this tection we shall obtain formulae for the trigonometric 
ratios of the sum and difference of two angles in terms of the 
trigonometric ratios of those angles. 
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We shall prove these results to be valid for any pair of angles A 
and B. We first obtain an expression for cos (A — B) in terms of 
cos A, cos B, sin A and sin B. Suppose P and Q are two points on the 
circumference of a circle centre O and radius r and such that 
ZPOX = A, 2QOX = B. Then from the definitions of the sine 
and cosine (6.13) P is the point (r cos A, r sin A) and Q is the point 
(r cos B, r sin B). 

Figures 6.15a and b show two possible configurations. In 
Figure 6.15a ZPOQ = A — B, in 6.15b ZPOQ = 360° — (A — B). 





Figure 6.15 


In both cases (and all other cases, as our readers should easily 
verify) cos POQ = cos (A — B) by virtue of (6.20) and (6.21). 
Thus on applying the cosine rule (8.3) to the triangle OPQ, 


PQ? = OP? + OQ? — 20P . OQ cos POQ 
= 72+ 72 — 272 cos(A — B) = 2r? — 2r* cos (A — B) 


The triangle PQN obtained by drawing parallels to the axes 
through P and Q has ZPNQ= 90°, PN=rsinA —rsinB, 
QN = rcos A — rcos B. 

By Pythagoras 


PQ? = PN? + QN? 
= r sin? A — 27? sin A sin B+ 7 sin? B+ r? cos? A 
— 2r? cos A cos B + r? cos? B 
= r(sin? A + cos? A) + r°(sin? B + cos? B) 
— 2r%(cos A cos B + sin A sin B) 
108 


THE ADDITION FORMULAE 
On equating these two expressions for PQ? we obtain 
-cos(A — B)=cosAcosB+sinAsinB ....(6.24) 
If in (6.24) we replace B by —B (i.e. —B by +B) we obtain 
cos (A + B) = cos (A) cos (—B) + sin A sin (—B) 
which by (6.15) gives 
cos(A + B)=cosAcosB—sinAsinB  ....(6.25) 
In (6.24) replace A by (90° — A) 
cos (90° — A — B) = cos [90° — (A + B)] 
= cos (90° — A) cos B + sin (90° — A) sin B 
by (6.19) we have 
sin(A + B)=sin AcosB+cosAsinB ....(6.26) 
In (6.26) replace B by —B 
sin (A — B) = sin A cos (—B) + cos A sin (—B) 
and so by (6.15) 
sin(A — B)=sin AcosB—cosAsinB ....(6.27) 


From these results we obtain by division the corresponding 
formulae for tan (A + B) and tan (A — B) 


sin(4 + B) _ sinAcos B+ cosAsinB 
cos(A+ B) cosAcosB—sin Asin B 


On dividing numerator and denominator by cos A cos B we obtain 


tan A + tan B 
1 — tan A tan B 


tan (A + B) = 


tan (A + B) = . ++ (6,28) 
In the same way 

sin AcosB—cosAsinB tan A—tanB 
cosAcosB+sinAsinB 1-+tanAtanB 


Example 1. Given sin 45° = cos 45° = 1/,/2, sin 30° = 1/2, 
cos 30° = ,/3/2, calculate sin 15°. 
By (6.27), 


sin 15° = sin (45° — 30°) = sin 45° cos 30° — cos 45° sin 30° 
me re ee ee 
iar) ta ae ee 
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1+ tan A 
1—tan A> 


tan 45° + tan A 1 +tanA 
By (6.28) tan (45° -+ A) = ———_____ = ———— 
y ) ( A) 1 —tan4S5°tan A 1-—tanA 


since tan 45° = 1. 


Example 2. Show that tan (45° + A) = 


Example 3. Show that sin (x + y) sin (x — y) = sin? x — sin? y. 
L.H.S. = (sin x cos y + cos x sin y) (sin x cos y — cos x sin y) 
= sin? x cos? y — cos? x sin? y 
= sin? x (1 — sin? y) — (1 — sin? x) sin? y 


= sin? x — sin? y = R.HLS. 


Exercises 6e 
1. If sin A = # and cos B = & evaluate without using tables (7) 
sin (A -++ B) (ii) cos (A — B) (iii) tan (A + B), if A and B are acute. 
Is (A + B) an acute angle? 
2. If tan (x + y) = $ and tan x = 3, evaluate tan y. 
3. Evaluate without tables (i) cos 75° (ii) sin 75°. 
4, Use (6.25) to show that (i) cos(90° + A) = —sinA (i) 
sin (90° + A) = cos A. 
5. Show that (i) sin (180° — A) = sin A (ii) cos (180° — A) = 
—cos A, 
6. Simplify (i) sin 40° cos 30° — cos 40° sin 30° 
(ii) cos 50° cos 60° — sin 50° sin 60°. 
7. Simplify (i) cos 40° cos 30° + sin 40° sin 30° 
(ii) sin 150° cos 160° + cos 150° sin 160°. 
8. Simplify (i) tan 30° + tan 40 ii tan 60° — tan 30 
1 — tan 30° tan 40° 1 + tan 60° tan 30° 


9. Show that sin x + sin (x + 22) + sin (x + ‘| = 0. 
Show that: 
sin (A + B) 


cos A cos B 


cot x cot y —1 
11. cot (x + y) = —————_ .. 
( ») cot x + cot 


y 
12. (cos 6 + cos $)? + (sin 6 +'sin ¢)? = 2 + 2 cos (0 — ¢). 
13. tan (x+2) _ cos x + sin x 
4 


10. tan A + tan B = 


cos x — sin x 
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14. cos (A + B) cos (A — B) = cos? A — sin? B. 


15. tan (= )t (zx) =1. 
an (7 4x an x 


sin 9 + cos @ 


16. Iftan A = yw show that a tan (6 + A). 


cos 0 — wsin 
17, sin (x — «) = cos (x — «). Show that 


tanx —1 ( z) 
tan o = ———= = tan {x —-— 
tanx+1 4 


18. Express in terms of the sines and cosines of A, B and C (i) 
sin (A + B+ C) (ii) cos(A + B+ C). 
19. Show that 


tan(A + B+ C) = 104+ tan B + tan C — tan A tan B tan C 


1 — tan A tan B — tan BtanC —tanCtan A’ 


20. If A, B and C are the angles of a triangle show that 
(i) cos A + cos(B — C) = 2sin BsinC 

i) CC , A~B_ 9 si A B 
(ii) cos ,) + sin 7 = 2sing cos 5. 


6.6. MULTIPLE AND SUB-MULTIPLE ANGLE 
FORMULAE 


If we put B = A in (6.26) and (6.25) we obtain 
sin 2A = sin Acos A + cos A sin A 
ie. sin 2A = 2sin Acos A ++ (6.30) 
and cos 2A = cos? A — sin? A ..+-(6.31) 


Since cos? 4 = 1 — sin? A and sin? A = 1 — cos? A this result 
can be put in either of the forms 


cos 2A = 2cos* A — 1 ... (6.32) 
or cos 24 = 1 — 2sin? A ... (6.33) 
1 — tan Atan A 
ie. tan 24 = 24 A _ (6.34) 
1 — tan’ A 
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We can use these important results to obtain expressions for 

sin 3A, cos 3A and tan 3A, etc. 

sin 3A = sin(2A + A) = sin2A4 cos A + cos 2A sin A 
= 2sin A cos? A + (cos? A — sin? A) sin A 
= 2sin A cos? A + sin A cos? A — sin? A 
= 3 sin A cos? A — sin? A 
= 3 sin A (1 — sin? A) — sin? A 

a sin 3A = 3 sin A — 4sin? A ... (6.35) 

cos 3A = cos (2A + A) = cos 2A cos A — sin 2A sin A 
= (2 cos? A — 1) cos A — 2 sin? A cos A 
= 2cos? A — cos A — 2cos A(1 — cos? A) 


= 4cos? A — 3cos A .. + (6.36) 
tan 3A =tan(2A + A) = tan 2A + tan AL 
J — tan 2A tan A 
2 tan A 
———— + tan A 

ea 

Oona cee 

1 —tan? A 


__ 2tan A+ tan A — tan’ A 
1 —tan? A — 2tan? A 
3tan A —tan® A 


tan 3A = ——————_—_ ... (6.37) 
1 —3tan? A 
If we replace A by x/2 in (6.30), (6.31), (6.32), (6.33) and (6.34) we have 
sin x = 2sin * cos ... (6.38) 
cos x = cos? ~ — sin?= ... (6.39) 
2 2 
=2cos?~ —1 ... (6.40) 
2 
=1 — 2sin? > ... (6.41) 
2 tan - 
tanx = ————— ... (6.42) 
1 — tan? ~ 
2 
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These results enable us to express sin x, cos x and tan x in terms 
of tan x/2. For with tan x/2 = t we have immediately from (6.42) 














tanx = . 2+ (6.43 
; Pe eee 
sin x = 2 sin - cos — 
2 2 
2 sin cos = 
=——4— since cos?~ + sin?* =1 
cos? ~ + sin? ~ 2 2 
2 2 
sin x/2 
_____cosx/2 on dividing the numerator and 
= 
sin’ x/2 denominator by cos? ~ 
cos” x/2 2 
: 2t 
sin X = . «(6.44 
148 (6.44) 
2 
2 
cos*~ — sin? 1-4 x/ 
2 
cos x = ee aes 
2 2X sin® x 
cos*s~-+-sin"= 1+-———~ 
i 2 cos? x/2 
_ 2p 
cosx = + : .. + (6.45) 
1+? 


Example 1. If tan 0 = *# and 6 is acute, calculate tan 6/2. 
We have from (6.43) with ¢ = tan 0/2 





24 2t 
7 1-? 
24 — 24? = 14¢ 
2417 + 14¢ —-24=0 
ie. 124 + 7t — 12 =0 
(4¢ — 3)Gt+ 4 =0 
t=2 or t=—4 
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but since @ is acute so is 6/2 so that tan 6/2 is positive 


6 3 
tan- ==> 
2 4 
Example 2. Show that oe tan 0. 
1 + cos 20 
LHS. = —*2 O@cos@  — 2sin@cos@_ sinO _ anh 


Example 3. Prove that cos‘ A — sin* A = cos 2A. 
L.H.S. = cost A — sin*t A = (cos? A — sin? A) (cos? A + sin? A) 
= cos? A — sin? A 
(since cos? A + sin? A = 1) 
cost A — sin‘ A = cos2A = R.HS. 


Exercises 6f 


1. If tan 6 = $ calculate the possible values of tan 0/2. 
2. Show that tan 224° = ,/2 — 1, without using tables. 
3. If cos A = # find without tables sin 2A, cos A/2 and tan A/2. 


4. Given cos 30° = ,/3/2 show that sin 15° = ue ; 


5. From the values of cos 30° and sin 30° deduce those of cos 60° 
and sin 60°. 
Show that: 


sin 2A 


“1 —cos2A 
7. tan 20 — tan 0 = tan @ sec 20. 


8 1 + cos x + cos 2x _ 
"gin x + sin 2x 
9. sais = 16 cos 0 cos 26 cos 46 cos 86. 
sin 
10. (cos # — sin 6)? = 1 — sin 20. 
1 1+tan*?A _ 1 
‘(1+tan 4)? 1+ sin2A° 
12. sin? 24 + 2 cos? ¢ cos 2¢ = 2 cos* ¢. 


13. tan? (z -$) oA sing 
4 2 1 + sin 0 
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= cot A. 


cot x. 


THE FACTOR FORMULAE 


14. If tan? x = 1 + 2 tan? y show that cos 2x + sin? y = 0. 
15. Express in terms of t = tan 6/2 (i) 1 + sin 6 (ii) 1 + sin@ + 
cos 6 (iii) sec 6 — tan 0. 


6.7. THE FACTOR FORMULAE 


The sums and differences of sines and cosines may be expressed as 
products of sines and cosines and vice-versa. 
From (6.26) and (6.27) we have 


sin (A + B) = sin Acos B+ cos A sin B 
sin(A — B) = sin A cos B — cos A sin B 
so that on addition 
2sin Acos B = sin(A + B)+sin(A — B) ....(6.46) 
and on subtraction 
2cos A sin B = sin(A + B)—sin(A — B) ....(6.47) 
Similarly from (6.24) and (6.25) 
cos (A — B)=cos Acos B+ sin Asin B 


cos (A + B)= cos Acos B — sin A sin B 
so that 
2cos A cos B= cos(A + B)+cos(A —B) ....(6.48) 


2sin A sin B = cos(A — B)—cos(A +B) ....(6.49) 


These formulae enable us to express a product of sines and cosines 
as a sum or a difference. 

If we put A+ B=C and A — B= D, so that A= 4(C + D) 
and B = 4(C — D) we obtain 


sin C -+ sin D = 2 sin 3(C + D) cos 3(C — D) 
sin C — sin D = 2cos}(C + D)sin (C — D) 
cos C + cos D = 2 cos #(C + D) cos (C — D) 
cos C — cos D = —2sin}(C + D)sin }(C — D) 


These formulae enable us to express a sum or a difference of two 
sines or cosines as a product. Note the minus sign in the last result. 


.. . (6.50) 


Example 1. Showthatsin 24 cos 4A + sin 3A cos 9A = f(sin 12A — 
sin 2.4). 
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By (6.46) 
sin 2A cos 4A = $sin(24A + 44) + 4sin QA — 4A) 
= 4sin 6A + 3 sin (—2A) 


=4sin 6A — $sin2A 
Similarly 


sin 3A cos 9A = $sin (3A + 9A) + $sin (3A — 9A) 
=$sin 12A —4sin6A 
On addition we have 
sin 2A cos 4A + sin 3A cos9A = $(sin12A — sin2A) as required. 
Example2. Showthatsin 7x + sin x — 2 sin 2x cos 3x = 4 cos? 3x 
sin x. 
L.H.S. = sin 7x + sin x — 2 sin 2x cos 3x 

= 2 sin $(7x + x) cos 3(7x — x) — 2 sin 2x cos 3x 

= 2 sin 4x cos 3x — 2 sin 2x cos 3x 

= 2 cos 3x (sin 4x — sin 2x) 

= 2 cos 3x .2 cos 4(4x + 2x) sin $(4x — 2x) 

= 4 cos? 3x sin x 


Example 3. If sin 6 + sin ¢ = a and cos 8 +- cos ¢ = b show that 





cos? 2 5 c= }(a? + b’) 


OD 0 => 


We have 2 sin zy COS 


On squaring and adding we obtain 


6+¢  G—¢ 


=a, 2 cos —y— cos 5) 








= 5b. 





4 cos? 22 (sit re + cos? c+) =a+ p? 
2 2 2 
2 2 
eee? See 
2 4 
Exercises 6g 
Show that: 
1. sin 50° + sin 40° = ./2 cos 5°. 
2. cos 70° + cos 20° = ./2 cos 25°. 
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’ cos B + cos 38 + cos 58 
cos 2a -++ cos 5a + cos8a _ 


. tan (A — B) + tan 4(A+ B) = 
. cos? (« + 8) + cos? (a — B) = 1 + cos 2a cos 27. 
. 4cos A cos (4 + 22) cos (4 + ‘) = cos 3A. 


. sin A cos 3A — sin 3A cos 5A = 3 (sin 44 — sin 8A). 
. sin 44 sin 5A + sin 2A sin 11A = sin 7A sin 6A. 
. COS X + 2cos 2x + cos 3x = 4 cos? (x/2) cos 2x. 
. sin « + sin (« + 3x) + sin (« + 5x) + sin (« + 8x) 


THE FUNCTION acos@ + bsin#@ 


. sin 70° + sin 50° = ,/3 cos 10°. 

. cos 75° — cos 15° = —1/,/2. 

. cos 5A ++ cos 3A = 20s A cos 4A. 
. sin 6x — sin 2x = 2 cos 4x sin 2x. 

. cos A — cos 13A = 2sin7A sin 6A. 
. 2sin 30 cos 0 = sin 46 + sin 20. 


2 sin 76 sin 0 = cos 69 — cos 80. 


. 2cos 58 cos 6 = cos 69 +- cos 46. 


cos 70 + cos 30 _ cot 50. 12. sin 6 + sin 50 _ tan 30. 


sin 79 +- sin 30 cos # + cos 56 

con® = cos 38 Say (a: sin 6 + sin ¢ ee ae 
sin 70° — sin 50° cos 6+ cos ¢ 2 
sin? —sing _ —¢ 





tan 


“cosO+cosd | 2 


cos 70° + cos 20° _ 


* sin 70° + sin 20° 


sin § +- sin 38 + sin 58 — tan 38 


- : : = cot 5a. 
sin 2a + sin 5a + sin 8« 


2sin A 
cos A + cos B~ 


3 
=4 sin (a + 4x) cos 5 cos. 


6.8. THE FUNCTION acos@-+ bsin 6 


Expressions of the form a cos 6 + b sin 6 arise in many practical 
problems. We shall show that this expression may be written 


in a 


form involving either the sine or the cosine of some other 


angle. We saw this in two particular cases (Exercises 6d, numbers 


3 and 4). 
If we set acos @ + bsin 9 = Rsin (0 + «) then R and « can be 
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found by the following reasoning. We require a cos 6 + b sin 8 to be 
identical with 


Rsin 6 cos « + Roos 6 sin « [= Rsin(@+ a) by (6.26)] 


This will be so if Rcos « = band Rsin « = a. If we square and add 
these equations we obtain 


R* (cos? a + sin? «) = a? 4+- 5? 
: R= Va +6 


On division we obtain 





a cos 6 + bsin 6 = ./(a* + b*)sin(®+ «) where tan a =| 


.. (6.51) 


If we choose R to be positive, then « is determined by the signs of 

a a and cos « (which are those of a and b respectively) and tana = 
sin « = ——* cos a = ao 
Va? + by’ Ja + 64) 
Alternatively if we set 
acos § + bsin 9 = Rcos (6 — f) 
= Roos 6 cos 8 + Rsin 6 sin B 
then Rcos f = a and R sin B = b. 
on squaring and adding we have 


R= J/(@ + 0) 


on dividing we have 


tan B =—- 
a 


acos 6 + bsin 9 = ,/(a + 5?) cos (0 — 8) where tan B = - 


. (6.52) 
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Example 1. Express in the form Rsin (9 + «), 2cos 6 + 3 sin 0. 
By (6.51) 
2cos # + 3 sin @ = ,/(2? + 3%) sin (6 + «) 


where tana = 2, sing = 2/./ 13 and cos a = 3/./13 so that «is acute 
(See Figure 6.16). 


V 2+ 37 


3 
Figure 6.16 


From tables « == 33° 41’ 
2cos 6 + 3 sin 6 = ,/13 sin (6 + 33° 41’) 


Example 2. Express in the form Rcos (6 — a), cos 6 — 2 sin 6. 
By (6.52) 

cos 6 — 2sin 0 = ,/(1? + 2?) cos (0 — a) 
where tan « = —? = —2, sina = —%, cos % = } so that « lies in 
the fourth quadrant (Figure 6.17). From tables « = —63° 26’ 


cos # — 2sin 6 = ,/5 cos [0 — (—63° 26’)] 


= ,/5 cos (0 + 63° 26’) 
o| 1 
2 
V5 
Figure 6.17 


Example 3. Express in the form R sin (0 — «), cos 0 — sin 0. 
We notice that by (6.27) 


Rsin (0 — «) = Rsin 6 cos « — Roos A sina 
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If this is to be identical with cos @ — sin 9 we need to choose R and « 
so that 
Reoosa=-—1 and —Rsina=1 


On squaring and adding we obtain 
R* (cos? « + sin 2a) = (~1)? + (1)? = 2 
R=,/2 (N.B. We take the positive root) 


On division we have tan a = 1, but since sin « = cos « = —1/,/2, 
a is in the third quadrant. From tables « = 225° (see Figure 6.18). 


cos 0 — sin 0 = ,/2 sin (0 — 225°) 





Figure 6.18 


Exercises 6h 

1. Express cos 6 + sin 6 in the form 
(i) A sin (6 + «) (ii) B cos (8 — 8). 

2. Express 3 cos 0 — 4sin 6 in the form Ros (6 + «). 

3. Express 2 sin 0 — 3 cos 0 in the form R sin (0 ~ «). 

4. Express 3 cos 26 + 4 sin 20 in the form R sin (20 + «). Hence 
state the maximum value of 3 cos 20 + 4 sin 26. 

5. By expressing sin @ + 3cos@ in the form Rsin (6 + «) cal- 
culate the maximum value of this expression. Find an acute angle 
6 for which this maximum is attained. 


6.9. THE INVERSE TRIGONOMETRIC FUNCTIONS 


If sin y = x we say that y is the number of radians in the angle 
whose sine is x. This we write as 


y = Sin x 
y is called the inverse sine of x. The statements 
siny=x and y= Sin—x .. (6.53) 
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are equivalent. Figure 6.19 shows the graph of the function y = 
Sin x. It is easily derived from the graph x = sin y. From the 
graph we see that to any value of x there correspond many possible 
values for y. This ambiguity can be avoided (see section 9.1) by 








i St” lt Sh ih 


Figure 6.19 


confining our attention to the value which lies in the range —7/2 to 
7/2. This value is called the principal value of the inverse sine and is 
conventionally denoted by sin™! x written with a small ‘s’. 

In the same way if x = cosy then y = Cos x is the inverse 











Figure 6.20 


cosine of x. y is the number of radians in the angle whose cosine is 
x. The principal value of the inverse cosine is the value of y in the 
range 0 to m and is written cos! x with a small ‘c’. The graph of 
cos“! x is shown in Figure 6.20. 
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In the same way y = Tan™ x is called the inverse tangent of x 
and means that x = tan y. The principal value of y is the value in 
the range —7/2 to 7/2 and is denoted by tan—! x with a small ‘t’. 
The graph of tan“ x is shown in Figure 6.21. 

Care should be taken to avoid confusing the inverse functions 
with the reciprocals of the trigonometric functions which should 
always be written 





Figure 6.21 


It follows as a direct consequence of the definitions above that 


sin (sin-! x) = cos (cos—! x) = tan (tan2x)=x ....(6.54) 
and 
sin~1 (sin y) = cos! (cos y) = tan"(tany)=y ....(6.55) 


provided y lies in the appropriate principal value range. 

Although they are not used so much as the inverse functions 
already defined, it is possible to define the inverse functions Sec! x, 
Cosec"! x, Cot-! x. The principal value cosec x is taken to lie in 
the range —7/2 to 7/2, while the principal values sec! x and cot x 
are taken to lie in the range 0 to z. 


Example 1. Show that tan x = sin™ 


x 
Va + x)" 

With tan~! x = a, x = tana. Now by (6.55) « = sin“ (sin «) 
SO we express sin « in terms of x. Since 


14+ 


2 


1 
cosec?a = 1+ cot?a =1+— 
x x 





so that sina = oe ; 
x® Jd + x’) 
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The sign of the square root is in accordance with our conventions 
for the principal value. If x is positive « will lie between 0 and 7/2 
so that sin « is positive. If x is negative « will lie between —7/2 
and 0 and so sin « will also be negative. 


a = tan? x = sin ( Tees 


Example 2. Show that sin“! (—x) = —sin™ x. 

We consider the cases x positive, x negative and x zero separately. 
If x is positive and « = sin x then « lies in the range 0 to 7/2 
and sin « = x. 

, —x = —sin « = sin (—«) 


sin~! (—x) = —a = —sin“! x 


If x is negative put x = —y so that y is positive. Then sin“ (— y) = 
—sin (y) be the above. Rearranging this we have 


sin! (y) = —sin7! (—y) 
ie. sin! (—x) = —sin— (x) 


If x is zero sin“! 0 = 0 = sin“! (—0). Thus we have proved the 
result for all values of x. 





Example 3. Show that tan'x + tan y =tan™ (2 iy ) : 


Let tan“! x = a, tan“ y = # so that tan « = x, tan B = yp. 


Now tan*x + tan“ y =a + 8 = tan [tan («+ )] by (6.55) 


= tan-2 ( tana + tan 8 | by (6.28) 
1 — tana tan p 





tan7? x + tan“! y = tan? (2+ ) ... (6.56) 


Exercises 6i 
1. Write down the value of (i) cos“1(1/,/2) (ii) tan 1 (iif) tan-4,/3. 
2. Evaluate (i) tan—! (— 1) (ii) sin~! (—}) (iii) cos“ (./3/2). 


3. Show that 2 tan“! x = tan“ et 


4. Show that sin-! 4 = cos“ (,/3/2). 
5. Show that cos~! (—x) = a — cos“! (x). (Consider the 3 cases 
x positive, x negative, x zero and proceed as in Example 2.) 
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6. Show that if cos x, cos“ y and cos“! x + cos! y are all in 
the range 0 to 7/2 then 
cos! x + cost y = cos {xy — ./[(1 — x*)(1 — y)]} 
7. Find x if tan-! x + tan“! (1 — x) = tan7} 4, 
8. Show that 2 sin~! x = sin“ [2x,/ (1 — x*)) if sin7 x < 7/4. 
9. Show that 2 sin~! 5; = tan~1 122. 
10. Show that tan-! } + tan! 2 = tan“ 4. 


6.10. SMALL ANGLES 


From the definition of the radian we see that if s is the length of an 
arc of a circle radius r which subtends an angle 6 at the centre then 


s=r6 (measured in radians) ... (6,57) 
[Cf. (6.1)] 





Figure 6.22 


Also if A is the area of the sector defined by the arc s and the 
bounding radii (See Figure 6.22) then 


ee 

area of circle 27 

A=nqr* fo = }r°9 ....(6.58) 
Qa 


We shall use these results to obtain useful approximations to 
sin @, cos 6 and tan @ when @ is small. 

In Figure 6.23 PR is a chord of a circle radius r subtending an 
acute angle 6 at the centre O of this circle. PT is the tangent at P. 

It is clear that area APOR < area sector POR < area APOT. 
Thus since OP = OR = r and PT = r tan 0 


$r? sin 60 < 4720 < 47? tan 0 


sin? <6 < tan 0 ... (6.59) 


6 1 in 6 
Thus 1 <<, <—, or 1 > 


aap eos A > 008 6, which is equivalent. 
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Now let 6 — 0 when cos # — 1 so that we have 


sin 6 —-i1 as d—0 
in 6 
Thus =< 1 for small values of 0 
ie. sin §==@ if 6 is small ... (6.60) 


In practice this approximation is valid to about four decimal 
places for values of 6 less than 6°, although to use the approximation 
we emphasize that the units for 6 must be radians. 


I~. 


Figure 6.23 
Since cos 6 = 1 — 2 sin? $6 and since sin 40 = 46 for small values 
of 6wehave — oog g-~ 1 — 462 if 0 is small ....6.61) 
This approximation is more accurate than the coarser approximation 
cos@==1 if @ is small .. + (6.62) 
From (6.60) and (6.62) we obtain by division 
tan@d= 06 if 6 is small ... (6.63) 


Example 1. Find an approximate value of 6 if sin 6 = 0-48. 

Since sin 6 is nearly 0:5, 6 must be approximately 77/6 radians. We 
can improve on this first approximation by letting 6 = (7/6) — 
where « is small. Then 


0:48 = sin (z _ “| = sin cosa — cos ~ sin « 
6 6 6 


Thus since 
3 1 
ame sioeees cos « = 1, sina a, 
6 2 6 2 
we have 1 3 
0°48 —=95 — “> od 


2 : 
o = RE x 0-02 = 0-0231 radians 
a==1°19’ sothat 9 = 28° 41’ 
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Example 2. The diameter of a halfpenny is one inch. At what 
distance will it subtend an angle of 15 minutes? 
Let AB be a diameter of the halfpenny, C its centre (Figure 6.24). 


Then AB = 1in. = 20C tan AOC 


1 
But tan AOC = /AOC=- radians 


ee 
8 180 
OCR in a 8 == 19-1 ft. 
7 7 


oS 4c 
B 


Figure 6.24 
Exercises 6] 


1. Use tables to evaluate sin 6 for 0 = 1°, 2°, 3°, 4°, 5°, 10°. 
Convert 6 to radians and compare the values. 

2. Calculate tan 6 for the values of 6 in question 1. Compare the 
values of sin 6, 6 and tan 6 [See (6.58)]. 

3. Find an approximate value for 0 if sin 6 = 0°51. 

4. A hill 15 miles away has an angle of elevation of 30’. Find its 
approximate height in feet. 

5. Find the angle subtended by a building 150 ft. high at a distance 
of 5 miles. 


EXERCISES 6 


1. Show that tan? 0 — sin? 6 = sin? 6 tan? 6. 

2. Evaluate (i) cos 386° (ii) sin — 429° (iii) tan — 819° (iv) sin 881°. 

3. If 90° < x < 180° and sin x = 0°8 evaluate (i) cos x (ii) tan x 
(iii) sin 2x (iv) cos 2x. 

4. If sin 0 = s and 0 is acute express all the other trigonometric 
ratios of 6 in terms of s. 

5. Show that sin 6 + cos! 6 = 1 — 2 sin? 6 cos? 6. 

6. Show that (sec? 6 + tan 6) (cosec? 9 — cot 6) = 1 + tan? 6 + 
cot? 0. 

7. Prove without tables that sin~! 3 — cos-! 88 = 2 tan“) 4, 

8. Show that sin A + 2 sin 5A + sin 94 = 4 cos? 24 sin 5A. 

9. If A, B, C are the angles of a triangle show that 

(i) sin A + sin B + sin C = 4 cos $4 cos $B cos 3C. 

(i) sin 2A + sin 2B + sin 2C = 4 sin A sin B sin C. 

10. If tan? = 1/p and tan¢=I/g¢ and pqg=2 show that 
tan(O+ ¢d)=p+gq. 
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11. Show that 
: _ (i + tan A)? — 2 tan? A 
(a) sin 2A + cos2A = “TF tan?A 
cos (2P — 3Q) + cos3Q _ 
(b) sin 2P — 30) + sin3Q = cot P. (L.U., part) 


12. Show that hae = cot>- 
1 + sin x — cos x 2 

13. Show that sin 6 + sin (@ + x) + sin (0 + 2x) + sin (@ + 3x) = 
4 cos (x/2) cos x sin (6 + 3x/2). 

14. Given that sin 2« + sin 28 = p, cos 2a + cos 28 = g prove 

' 4p sin (« + B) 

that p/q = tan (« + 8) Prove also Be Pg + 2g 008 «008 B 
and deduce an expression for tan « tan f in terms of p and gq. 





(J.M.B., part) 
15. Prove that 
(ij) cot A — tan A = 2cot2A 
(ii) cot A — tan A —2tan2A = 4cot 4A. 
16. Show that tan“? 42 = 2 tan“ 3. 
iP isinp === howaeian SS 
- If sin 6 = 7; show that tan (7 — 5 ae 
is: Show-that 1+ sin x —cosx es 1+ sinx + cosx _ 2) : 


1+sinx-+cosx ‘1+ sinx—cosx  sinx 
19. If 6 is not a multiple of 7/2, and if x, y, z are given as sums of 
the following infinite series 


x =1-+co0s?6 + cos!9+... 
y=1-+sin?0+sint6+... 
z= 1-4 cos? 6 sin? 0 + cos @ sin‘ 6+... 
prove that ({)x + y= xy (i) X + y +2 = xyz. 
(J.M.B., part) 
20. Given that tan 30 = 2 evaluate without using tables 
sin 6 + sin 30 + sin 50 
cos @ +- cos 36 + cos 50 
(J.M.B., part) 


Aa 
21. Ifsin (a + 8) = Asin (« — #) show that tan « = = tan p. 


22. If sin « + sin 8 = p and cos « + cos § = q show that 


ae 4 2 2 _ p* 
(i) sin(a + f) ae or cos (a + f) = +(4 * f). 
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23. Ifa, B, y are all greater than 7/2 and less than 27 and sin « = 
3, tan B = ,./3, cos y = 1/,/2 find the value of tan(« + 6 + y) in 
surd form. (W.J.C.) 
24. (i) Express tan 3A and cosec 44 + cot 44 in terms of tan A. 
(ii) If cos 6 + cos 30 = k cos ¢ and sin 6 + sin 30 = k sin ¢ show 
that cos @= +4k and find the values of tan ¢ and cos 2¢ in terms 
of k. (L.U.) 
25. Show that 


. : 2 tan ~ tan 2 
(i) sinx sin y 2 2 
Cosx-F COSY 1 _ tan? tan?? 
2 2 
(: — tan’ ®) (: — tan? 2) 
(ii) cosxcosy 2 2 


ROS sts COE Y, 2(1 — tan? ; tan” 2) 


26. If 6 is an acute angle such that cos 6 = 1 — x, where x is 
so small that x? is negligible compared with unity, prove that 
cos 26 = 1 — 4x and cos 30 = 1 — 9x approximately. (L.U., part) 

27. Show that tan (B ~— C)-+ tan(C — A) + tan (A — B) = 
tan (B — C)tan(C — A) tan (A — B). 

28. Evaluate sin~ (1/,/5) + sin (1/,/10). 

29. (i) Prove the identity asinn@ — 2(a — 1)sin(” — 1)@ cos 6 +- 
(a — 2) sin (nx — 2)60 = 2 sin 6 cos (n — 1)8. 

(ii) Prove that, if 0< x < 1/,/2, 2sin-! x = sin“ 2x,/(1 — x*). 
(Note sin-! x means “the principal value of the inverse sine of x”, 
and “,/(1 — x?)” means the positive square root.) State the corre- 
sponding formula if 1/,/2 <x <1. 

Express 2 cos“ x as an inverse cosine, considering all values of x 


between 0 and 1. (S.U.J.B.) 
30. If tan 26 — sin 26 = x and tan 2¢ + sin 2¢ = y show that 
(a) x/y = tan? ¢ (b) (x? — y*)? = léxy. (L.U.) 


31. Prove that 4 tan“! 4 — tan“ 345 = a/4. 

32. Find x if tan“! 2x + tan“! 3x = 7/4. 

33. Express the functions 6cos? 6+ 8sin@cos@ in terms of 
cos 20 and sin 26... Deduce an expression for the function in the 
form A+ 5cos(20 — «) where A and o@ are constants. Hence 
write down the greatest and least values of the function and find 
correct to the nearest minute, one value of @ corresponding to each. 

(J.M.B.) 
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34. If sin 6 + sin ¢ = p and cos 6 + cos ¢ = q prove that 


j 8pq 
t 0 = 
(i) tan 6 + tan ¢ Peer 
2 
(ii) cos 20 + cos 2¢ = “Grate 
pt+@ 


35. If sin x = « sin @ where « == 1, show that x 0+ (« — 1) 
tan 0. 

36. Show that sin 3A = 3 sin A — 4 sin? A. Deduce that sin? A + 
sin? (120° +- A) + sin? (240° -+ A) = —#sin 3A. 

(J.M.B., part) 

*37. Ifsin 6 + sin w = a, cos 0 + cos w = b, and cos 8 cos w = 
c, show that (a? -+ b?)(a? + 5? — 4c) = 4a. 

*38. If A, B, C are the angles of a triangle show that 


sin? A + sin? B + sin? C = 3 cos S cos cos S 


3A 3B 3c 
-++ cos — cos — cos — 
2 2 a 


*39, If A, B, C are the angles of a triangle show that 


A B Cc Cc 
col cal seta = cot + eet pee ole 
*40, Prove that sin (« + £)sin(« — 6) = sin? a — sin? 6. By 
using this result or otherwise, prove that 
sin (a + 8 + y)sin (B + y — a) sin (y + « — A) sin(a + B — y) 
=(a+b+c)\b+e—ale+a— bat b —c) — 4a*b*c? 
where a = sin «, b = sin 8, c = sin y. (J.M.B.) 
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7.1. THE GENERAL EXPRESSION FOR ANGLES WITH 
A GIVEN TRIGONOMETRIC RATIO 


IN this chapter we shall consider equations in which the trigono- 
metric ratios of the unknown quantity occur. We shall show that 
the solution of such equations can be reduced to the solution of 
one or more equations of the type sin x = «, cos x = a, ortan x = & 
where « is known and x is to be found. We first consider these 
particular equations. 

As an example consider the equation tan x = 1. One solution 
is x = 45°, but this is not the only solution. From (6.16) 


tan (6 + 180°) = tan 6 
so that tan (45° + 180°) = tan 45° = 1 


Thus x = 225° is also a solution. Again tan (225° + 180°) = 
tan 225° = tan 45° = 1 so that x = 405° is also a solution. It is 
clear that we can proceed indefinitely in this way and obtain as 
solutions x = 45°, x = 45° + 180°, x= 45°+2 x 180°, x= 
45° +3 x 180°, etc. From (6.17) 

tan (6 — 180°) = —tan (180° — 6) = tan 0 
so that 


tan (45° — 180°) = 1, tan (45° — 2 x 180°)=1 etc., 
so that x = 45° — 180°, x= 45°—2 x 180°, 
x = 45° — 3 x 180°, etc. 


are also solutions. All the solutions above may be expressed in the 
one form 
x = 45° + n180° 


where n is an integer, either positive, negative or zero. By giving 7 
different values we obtain the different solutions of the equation. 
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For the equation tan x = a suppose that @ is any angle such that 
tan 6 = a. (In practice @ is found with the aid of tables of tangents.) 
Then any angle x = 6 + n180° where n is an integer will satisfy 
tanx = tanO=«. 

Thus all solutions of the equation tan x = « are of the form 


x = 0 + 180° ..»-(7.1) 


where 7 is an integer, positive, negative or zero. 

















Figure 7.1 


Reference to the graph y = tan x which is reproduced in Figure 
7.1 may help to clarify this. The horizontal line y = « is drawn on 
the same scale and intersects the tangent curve at points A, A’, B’, 
A”, B’ etc. 

If the abscissa of A is 0, that of A’ is 6 -+ 180°, of A”, @+2 x 
180°, etc. and that of B’, @ — 180°, of B” 96 — 2 x 180° etc. If the 
angles are expressed in radians (7.1) assumes the form 


x=O+n7 . (7.2) 


where n is an integer, positive, negative or zero. 

For the equation cos x = « we first observe that if « is numerically 
greater than one no solution will exist. If « is numerically less than 
one we proceed as follows. Figure 7.2 shows the graph of y = cos x 
and y = « drawn on the same scale. The abscissae of the points of 
intersection will give the solutions of the equation cos x = a. 

If @ is an angle (the smallest) for which cos 6 = « the abscissa 
of A is 6. The abscissae of A’, A”, A” etc. are 360° — 6, 360° + 6, 
2 x 360° — 6, 2 x 360° + 8, etc. The abscissae of B’, B”, B” etc. 
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are —0, —360° + 6, —360° — @ etc. These are all particular cases 
of the formula 360° +. 9 where n is an integer. Thus the general 
solution of the equation cos x = a (= cos @) is 


x = 360° + 6 as(73) 


or x = 2na + 6 (if angles are measured in radians) where n is an 
integer, positive, negative or zero. 








Figure 7.2 


We treat the equation sin x = « in the same way. Figure 7.3 
shows the graph y = sinx and y= a(—1<«< 1). From the 
graph we see that if sin 0 = « (0 is the abscissa of A) the other 
solutions are given by the abscissae of A’, B’, A”, B” etc., ice. 
180° — 6, —180° — 6, 360° + 6, —360° + 6, 540° — 9, —540° — 6 
etc. These are particular cases of the formula 180° + (—1)"0 
where n is an integer. 








Figure 7.3 


Thus if sin 6 = «, the general solution of the equation sin x = « 
is 
x = n180° + (—1)"6 ie (7.4) 
or x = nz + (—1)"0 (if angles are measured in radians) where n 
is an integer, positive, negative, or zero. 
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Example 1. Find the solutions of the equation sin x = 0-515 which 
lie in the range 0° to 360°. State the general solution. 

From tables sin 31° = 0-515, hence x = 31° is a solution. Thus 
by (7.4) the general solution is x = 180° + (—1)" 31°. Withn = 0 
or 1 we obtain the solutions in the range 0° to 360°, 


i.e. x=31° or x= 180° — 31° = 149° 


Example 2. Solve the equation tan x = —./3 giving the general 
solution and the solutions which lie in the range 0° to 360°, 
From tables, or by (6.23), tan 60° = af 3. Thus by (6.17) 


tan (180 — 6) = —tan® sothat tan 120° = —./3 
one solution is 9 = 120°. By (7.1) the general solution is 
x = 120° + 180° 
With n = 0 or 1 we obtain solutions in the range 0° to 360°. 


ie. x= 120° or x = 300° 
Example 3. Find in radians the general solution of the equation 
cos 29 = cos (0 ~— 2) 
4 
From (7.3) the general solution is such that 
26 = 2n7 + (0 _ 2) where n is an integer 
Thus with the positive sign we have 


7 


20 = 2n 6—— 
a+ 4 
so that 6 = 2n7 — . 
With the negative sign we have 
20 =2nn —047 
7 + 4 


so that @ = een ae 
3 12 


6 = 2n7 — rf or an + 5 where n is any integer 





TRIGONOMETRIC EQUATIONS 


Example 4. Solve the equation sin 20 = cos 36 giving the general 
solution and solutions in the range 0° to 360°. 
Since cos 36 = sin (90° — 36) the equation is 


sin 20 = sin (90° — 36) 
so that by (7.4) 
20 = n180° + (—1)"(90° — 30) where 7 is an integer 
6 [2 + 3(—1)"] = n180° + (—1)"90° 
ni80° + (—1)"90° 
2+ 3(—1)" 
Solutions in the range 0° to 360° are obtained by giving ” particular 
values. 


6= (where x is an integer) 


With n = 0, 9 = 92 = 18° 
With n = 2, 6 = 4§2 — 90° 
With n = 4, 6 = 242 — 162° 
With n = 6, 6 = 1420 _. 234° 
With n = 8, § = 1580 = 306° 


Other positive values of 7 (all the odd values) lead to solutions 
outside the range 0° to 360°. 
—- 180° — 90° 
Withn = —1,6 a uaenee, Canis 
of n lead to solutions outside the range 0° to 360°. The required 
solutions are thus 18°, 90°, 162°, 234°, 270°, 306°. 


= 270° but other negative values 


Exercises 7a 


Find the general solutions of the following equations, (Find all 
solutions in the range 0° to 360°.*) 


1. sin x = 0-831. 2. cos x = 0°7125. 

3. tan x = 2°1155. 4. cos x = —0-5577. 

5. sin x = —0:4775. 6. tan x = —0-300. 

7. sin 3x = 0-500. 8. tan 6x = —1-23. 

3 

9, cos $x = oh : 10. cos (2x — 30°) = 0-564. 
11. sin (x + 18° 3’) = 0-813. 
12. sin 4x = sin 2x. 13. tan 66 = tan 0. 
14. cos 3x = —cos x. 15. cos 2x = sin 3x. 


16. tan 2x = cot 3x. 17. sin 26 cos 36 = 0. 


* At first reading it is suggested that only solutions in the range 0° to 360° be 
considered. 
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18. tan 26 cot 46 = 0. 

19. (i) cos 6 = —$ (ii) tan 6 = ,/3. 

20. From the result of question 19 find the general value of 6 and 
the values in the range 0° to 360° which satisfy simultaneously 
tan 6 = ./3, cos 0 = —4. 


7.2, TRIGONOMETRIC EQUATIONS INVOLVING 
DIFFERENT RATIOS OF THE SAME ANGLE 


Trigonometric equations which involve more than one ratio of the 
same angle are generally solved by obtaining an equation which 
involves just one trigonometric ratio. This generally calls for the use 
of some of the identities (6.5) to (6.12). This latter equation is 
then solved for the particular ratio involved. This will result in one 
or more equations of the type considered in the previous sections. 
The following examples will illustrate some of the techniques 
commonly used. 


Example 1. Find the general solution and all solutions in the range 
0° to 360° of the equation 2 cos x — 3 sin x = 0. 
We have 2 cos x — 3 sinx = 0 


sin x 
cos x 
(Provided cos x 4 0, which is so for our solutions but we must 
check this point.) 
: tan x = % (= tan 33° 41’ from tables) 
x = 33° 41’ + 180° 
the solutions in the range 0° to 360° are, with mn = 0 and 1, 
33° 41’ and 213° 41’. 





2 
3 


Example 2. Find x in the range 0° to 360° if 2 cos? x = 2 — sin x, 
Since cos? x = 1 — sin? x we have 


2—sinx = 2—2sin?x which involves only sin x 
2 sin? x — sinx = 0 
sin x (2 sin x — 1) = 0* 

sinx =O or 2sinx—1=0 ie. sinx=4 
? x = 0, 180°, 360°... 2180° 
or x = 30°, 150°, .. . m180° + (—1)"30° 

the required solutions are thus 0°, 30°, 150°, 180°, 360°. 
* Note that we do not divide by sin x since we should then lose the solutions 

which result from sin x = 0. 
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Example 3. Find 0 in the range 0° to 360° if 
2 sin 26 + 3 cosec 20 = 7. 


: 3 oe ; 
We have 2 sin 20 + rey be 7 which involves only sin 26 


2 sin? 20 — 7sin20+3=0 
(2 sin 20 — 1\(sin 28 — 3) = 0 
2sin26—1=0 or sin20—3=0 
i.e. sin26=4 or sin26=3 
The second alternative gives no values for 0. If sin 29 = 4, 20 = 30°, 
180° — 30°, 360° + 30°, 540° — 30°, 720° + 30°. Since we require 
values of @ in the range 0° to 360° we must find all values for 20 


in the range 0° to 720°. From the above we see that the required 
values for @ are 15°, 75°, 195°, 255°. 


Example 4. Solve for 0, 3 sec? 6 = 2 tan 0 + 4 
We have 3 sec? 6 — 2tan@ —4=0 


3(1 + tan? 6) — 2tan6 —4=0, which involves only tan 0 
3 tan? @ —2tand—1=0 
(tan 6 — 1)3tan@+1)=0 
vi tand=1 or tanO=-—} 
If tan 6 = 1 = tan 45°, 
6 = 45° + 180° 
If tan 6 = —} = tan (— 18° 26’)(tan 18° 26’ = 4 from tables) 
6 = n180° — 18° 26’ 


Example 5. Solve for x in the range 0° to 360° 
3 cos* x — 3 sin x cos x + 2 sin? x = 1. 
On division by cos? x we have 
3 — 3tan x + 2 tan? x = sec? x 
(We must check that our solutions do not give cos x = 0.) 
3—3tanx+2tan?x=1-+ tan?x which involves only tan x 
tan? x —3tanx+2=0 
(tan x — 1)(tan x — 2)=0 
tanx=1 or tanx=2 
x = 45° + n180° or x = 63° 26’ + n180° 
the required solutions are thus 45°, 225°, 63° 26’, 243° 26’. 
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Exercises 7b 


Find the general solution, together with a// the solutions in the 
range 0° to 360° of the equations:* 

1. 2tan?x —3tanx+1=0. 

2. 7tan? x — 3sec? x = 9. 

3. 8 sin? @ — 6cos 6 = 3. 

4. 9cos 6 = 4 sin 0. 

5. 4cos x = 3tanx + 3secx. 

6. 3 sin? 0 = cos? 0. 

7. 4cos? 9 + S5sin? 0 = 5. 

8. tan x cosec x = 5. 

9. cot? x + 2 cosec? x = 6. 

10. 9 sin? x + 10 sin x cos x — 2.cos? x = 1. 

11. 7 sec? 6 = 6tan 9 + 8. 

12. 2 tan 26 + 3 sec 20 = 4 cos 26. 

13. sin 26 (1 + 2 cos 20) = 0. 

14. 6sin 0 = tan 0. 

15. 3 sin 36 — cosec 36 + 2=0. 


7.3. TRIGONOMETRIC EQUATIONS 
INVOLVING MULTIPLE ANGLES 


If the equation for x involves trigonometric ratios of 2x, 3x, 
etc. we still seek an equation involving a single trigonometric ratio 
of a single angle be this x, 2x, 3x etc. This will generally require us 
to use the identities of sections 6.6 and 6.7. 


Example 1. Find x if tan 2x + 3 tan x = 0. 
From (6.34) we have 


eee +3tanx=0 which involves only tan x 
1 — tan* x 


2tanx + 3tanx — 3 tan? x =0 
3 tan? x — 5tanx =0 
tan x 3 tan? x — 5) =0 
tanx=0O or 3tan?x—5=0 
tanx=0 or tanx=./$ or tanx = —,/} 
x = 0°, 180°, —180° etc; in general x = n180° if tan x = 0. 


* At first reading it is suggested that only solutions in the range 0° to 360° 
be considered. 
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If tan x = \/§ = 1-291 = tan 52° 14’ 
x = n180° + 52° 14’ 
If tan x = —,/} = —1-291 = tan (—52° 14’) 
x = n180° — 52° 14’ 
The general solution is thus 7180° or n180° + 52° 14’, 
Example 2. Find all values of 6 in the range 0° to 360° for which 
cos 20 — cos 9 — 2 = 0. 
We have 2cos?@—1-—cos6—2=0 which involves only 
cos 8 
: 2 cos? 6 — cos 96 —3 = 0 
(2 cos 8 — 3)(cos 9 + 1) =0 
2cos9—3=0 or cos#+1=0 
cos § = #% or eae —1 
cos 9 = —1 gives 6 = 180°, cos 0 = $ gives no solution for 0. 


Example 3, Find 6 if sin 6 + sin 50 = sin 30. 
We have by (6.50) 


sin 50 + sin 8 =2sin@ =" ¢ cos gee! 


2 


= 2 sin 30 cos 20 
The equation becomes 


2 sin 36 cos 26 = sin 30 
sin 30(2 cos 20 — 1) =0 
sin30 =O or cos20= 34 


if sin 36 = 0, 30 =0, 180°, 360°, 540° etc. (in general 180°). 
If cos 20 =}, 20= 460°, 360° + 60°, 720° + 60° (in general 
n360° + 60°), Thus the general solution of the equation is 0 = 160° 
or 6 = n180° + 30° where v is an integer. 


Example 4, Find all values of x in the range 0° to 360° for which 
sin 3x sin x = 2 cos 2x + 1. 
By (6.49) 


sin 3x sin x = 4[cos (3x — x) — cos (3x + x)] 
the equation becomes 
cos 2x — cos 4x = 4 cos 2x + 2 
cos 4x + 3cos2x -+2=0 
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But cos 4x = 2 cos? 2x — I 
2 cos? 2x + 3cos2x +1=0 which involves only cos 2x 


(2 cos 2x + 1)(cos 2x + 1) =0 


2cos2x = —1l or cos2x=—l 
If cos 2x = —} = cos 120°, 2x = n360° + 120° 
x = nl180° + 60° 


If cos 2x = —1 = cos 180°, 2x = 360° + 180° 
x = n180° + 90° 


.. the solutions in the range 0° to 360° are 90°, 270°, 60°, 120°, 
240°, 300°. 


Exercises 7c 


Find the general solution together with all solutions in the range 
0° to 360° of the equations :* 

1. cos 2x + sin? x = 1. 

2. 2cos? 6 — 3sin20 —~2 = 0. 

3. 2cos 26 + 2sin 8 cos 6 = 1. 

4. tan 26 — 1 = 6cot 26. 

5. cos 6 + cos 56 = cos 28. 

6. sin x + sin 3x = sin 2x + sin 4x. 

7. cos $x cos $x = 1+ cos x. 

8. 2 cos 3x cos x = cos 2x + sin 2x + 1. 

9. sin 30 = cos 20 — 1+ sin @. 

10. tan 20 tan 49 = 1. 


7.4. THE EQUATION acos6@-+ bsin@d=c 


Equations of the type acos @ + bsin@ =c where a, b, ¢ are 
constants may be solved by first expressing a cos 6 + b sin @ in the 
form A cos (6 = a) [see (6.52)] or A sin (6 + f) [see (6.51)]. If we 
always write the equation with a positive, we need only use the first 
form. Alternatively, by expressing cos@ and sin @ in terms of 
t = tan 6/2 [see (6.44), (6.45)] we can obtain an equation for tan 0/2 
from which @ may be found. 


* At first reading it is suggested that only solutions in the range 0° to 360° be 
considered. 
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Example 1. Solve the equation 3 cos 6 — 4 sin 0 = —2°5. 
We have 


3 cos 8 — 4sin 6 = ,/(3 + 4%)(8 cos 6 — $ sin 8) 
= 5(8 cos 6 — ¢ sin @) 
= 5(cos 6 cos « — sin 6 sin «) 


where tan a = $ [ef (6.52)] 
= 5cos (6 + «) 


where « = tan“! $ = 53° 8’ 
5 cos (6 + 53° 8’) = —2°5 
cos (6 + 53° 8’) = —4 (=cos 120°) 
6 + 53° 8’ = n360° + 120° 
6 = n360° + 66°52’ or @ = 7360° — 173° 8’ 


If we tackle this problem by the second method we have with 
t = tan 6/2 


2 
30 =—t) _ 4.2t _ 4. 
1+? i+? 


3 — 322 — 8t = —2-'5 — 2-52? 
6 — 62 —16t = —5 —5P 
f+ 16t—11 =0 
1 ie + 256 + 44) =16 + 300 _ 16 + 17321 
2 2 2 


t= tan S = 0:6605 or —16-6605 


: = n180° 4- 33°26’ or : = n180° — 86° 34’ 
6 = n360° + 66°52’ or 6 = 7n360° — 173°8’ as before 
An alternative method is to proceed as follows. We have 
4sin 0 = 3cos@+ 2:5 
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THE EQUATION acos$ + bsin@ =c 
On squaring both sides 
16 sin? 6 = 9 cos? 6 + 15 cos 6 + 6-25 
ie. 64 sin? 6 = 36 cos? 6 + 60 cos 6 + 25 
64(1 — cos? 6) = 36 cos? 6 + 60 cos 6 + 25 
100 cos? 6 + 60 cos 6 — 39 =0 
—60 + ./(3600 + 15600) 
200 
_ ~60 + ,/19200 
200 
_ —6 + 13-856 
20 
cos 6 = 0:3928 or cos @ = —0-9928 
6 = n360° + 66° 52’ or 6 = 7360° + 173° 8’ 


cos § = 


In fact, as is readily verified, only the solutions 
6 = n360° + 66° 52’ and 6 = 7360° — 173° 8’ 


satisfy the equation 3 cos @ — 4sin@ = —2:5. The two other 
solutions are solutions of the equation 3 cos 6 + 4 sin @ = —2°5, 
equivalent to —4sin 0 = 3cos@-++ 2-5 which on squaring gives 
16 sin? 6 = 9 cos? 6 + 15 cos 6 + 6:25 as before. 

Thus if we adopt this method for solving this type of equation we 
must check our solutions (cf. section 1.2). 


Exercises 7d 


Find the general solution together with a// solutions in the range 

0° to 360° of the equations: 

. 2cos @ + sin 8 = 1. 

. 3cosx + 4sinx = 5. 

. 24cos x — 7sin x,= 12°5. 
. 2 cos 6/2 + 3 sin 6/2 = 2. 
. 5cos 2x — sin 2x = 2. 

. cosec 6 = 3+ 4cot 0. 

. sin 3x — cos 3x = 1. 

. Scos 26 — ,/2 sin 26 = 3. 
. sin 38 — 4 cos 30 = 4. 


WOceOonnNARWN 
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10. cos@ + sin6 + 1=-0. (Write cos and sin @ in terms of 
t = tan 6/2 and notice how part of the solution is lost if this method 
of solution is used.) 


EXERCISES 7 


1. Find all solutions in the range 0° to 360° of the equations: 
(i) sin 20 = 0-8799 
(ii) cos 46 = 0°5659 
(ii) tan 6 = —1-7699 
(iv) sin 3x = sin 2x 
(v) cos 3x = sin x. 
2. Find all angles in the range 0° to 360° which satisfy (/) tan 6 + 
sec 9 = 2 (ii) cos @ — cos 26 = 4. 
3. Find x if 3 sin 2x = 7 — 8 cos? x, 
4, Find @ in the range 0° to 360° if 


3(cos 20 — 1) = 4 sin 6 cos? 0 


5, Find the values of x between 0° and 180° for which (i) sin 3x = 
sin x (ii) 2. cos? x — sin® x = 1 (iii) sin 2x + cosx = 0. 

6. Find the general value of 6 if 3 tan? 6 — 7sec0 +5 =0. 

7. If 3cos 6 — 4sin 9 — 2 = 0 find all values for @ which lie in 
the range 0° to 360°. 

8. Find the general solution and all solutions in the range 0° to 
360° of the equations (i) sin @ -+ cos 6 = sin 20 + cos 26 (ii) 
3(sec 6 — tan 6) = 1. 

9. Solve completely the equation cos 36 = 2cos 26. [First use 
(6.36) to express cos 30 in terms of cos 6.] (W.J.C., part) 

10. Solve the following equations, giving all solutions within the 
range 0° < x < 360°: 

(i) 2 sin? x = 2 + cos 2x (ii) 3 sin? x = 1 + sin 2x 

(iii) sin (x + 30°) + sin (x + 60°) = cos (x + 45°) + 
cos (x -++ 75°). (L.U.) 

11. Find the general value of x if 3 tan? x — Ssecx+1=0. 

12. Express the equation 2 cos 3A + 3cos2A + cos A =O asa 
cubic equation in cos A. If one of the roots of this cubic is cos A = 
—1, find general expressions for all values of A satisfying the 
equation. 

13. (i) Express tan 2x and tan 3x in terms of tan x, and solve the 
equation tan x + tan 2x + tan 3x = Q. 

(ii) Solve the equation cos x + cos 2x = sin 3x. (Ineach equation 
give all solutions between 0° and 180° inclusive.) (S.U.J.B.) 
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14, State and prove a formula for sin A — sin B in terms of the 
angles 4(A + B) and #(A — B). [You may, if you wish, quote 
formulae for sin (x + y).] 

Prove that sin 7x cos 2x — sin 5x cos 4x = sin2xcos3x and 
obtain a similar simpification of the expression 


sin 7x sin 2x — sin 5x sin 4x 
Give all the solutions between 0° and 180° of the equation 
sin 7x cos 2x = sin 2x cos 3x (S.U.J.B.) 


15. Find the values of @ in the range 0° to 360° which satisfy the 
equation tan 0 — 3 cot 6 = 2 tan 36. 

16. Solve the equation cos x + cos 5x = cos 3x. 

17. Solve the equations (i) 3 sin x — 4.cos x = 2 (ii) 24 sin x + 
7cosx = 5. 

18. Find the general solution of the equation tan 2x = 2 sin x. 


(J.M.B., part) 
sin 50 
19. Prove that 4.cos 6 cos 30+ 1= and * Hence find all the 


values of 6 in the range 0° to 180° inclusive for which cos 8 cos 30 = 
as (J.M.B., part) 
20. Find the general solution of the equation 


sin (30 — 47) — sin (6 + 47) = 2 cos 20 


21. Find all values of 6 in the range 0° < 6 < 360° for which 
tan? 9 = 5 + sec 0. 

22. Solve the following equations, giving the general solutions: 

(i) cos 2x + 3cosx = —2 

(ii) cos 3x = sin x 

(iii) sin (2x + 30°) cos (2x — 20°) = §. (S.U.J.B.) 

23. Find in the range —180° < x < 180° the solutions of the 
equation 





cos 5x = cos x (J.M.B., part) 


24. Given that 5cos 6 + 12 sin 6 = Rcos (6 — «), where R and 
« are independent of 6 and Ris positive, obtain the values of R and a. 
Hence find the values of 6 between —180° and 180° which satisfy 
the equation 5 cos @ + 12 sin 6 = 3-25, giving the answers to the 
nearest minute. (J.M.B., part) 
25. Find the complete solution of the equation 


16 tan x + 6cotx + 17secx = 0. 
26. Solve the equation 5 cos @ — 12 sin 6 + 10 = 0. 


143 


TRIGONOMETRIC EQUATIONS 


27. Solve for x, tan7! x + tan“! (x — 1) = tan"! 3 [use (6.56)]. 
28. Find all angles between 0° and 360° for which 


3 sin 36 + 2 cos 26 — sin 9 = 2 

29. Find the values of @ in the range 0° to 360° for which 
sin 56 + 2 cos 20+ sind =0 

30. Find x if tan—1 (2x + 1) — tan“! (2x — 1) = tan 4. 


31. Find to the nearest minute the values of @ between 0° and 
360° that satisfy the equation 


4cos 260 + sin 0 = 4 sin? 6 + 3 (J.M.B., part) 
32. Solve the equation 
5 sin (x + 60°) — 3 cos (x + 30°) = 4 


giving all solutions between 0° and 360°. (L.U., part) 
33. Ifsin(« + 0)sin(B + 4) = sin (« + ¢)sin(8 + 9) prove that 
either « and # or 6 and ¢ differ by a multiple of 7. (L.U., part) 
34. By putting ¢ = tan 6 find the general solution of the equation 


(1 — tan 6)(1 + sin 26) = 1 + tan 6 
35. The acute angle 6 satisfies the equation 
sin (20 + a) = ./3 cos (0 — «) 
If a is zero show that 6 = 7/3. If « is so small that its square may 
be neglected and 9 = 7/3 + A, prove that A is approximately 4a. 
(J.M.B., part) 
36. (a) Find two values of 6 between 0° and 180° satisfying the 


equation 6 sin? 6 = 5 + cos 0. 
(b) Find a value of x between 0 and 7 satisfying the equation 


sin (« + 3) = cos (« — 3) (J.M.B.) 


*37,. Show that the equation acos 0 + bsin @ = ¢ will have in 
general two solutions in the range 0° to 360° ifa@+b>c%. « 
and # are two roots of the equation 8 cos @ — sin 0 = 4 and both 
lie in the range 0° to 360°. Form the quadratic equations whose 
roots are sin « and sin f. 

*38. If a and 8 are two unequal values of @ which satisfy the 
equation acos @ + bsin @ = c show that 

(i) sin (a + ) sec 3(8 — a) = b/c 


2 ‘: _¢—a 
(ii) tan $a tan hea 
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EXERCISES 
*39. Show that the equation 
pcos? x + 2qcosx sin x + rsin?x = s(r 45) 


has a real solution only provided qg? > (s — p)(s — r) and that in 
this case there are in general two solutions which are in the range 
0° < x < 180°. 2q 
If 6 and ¢ are these solutions show that tan (0 + ¢) = —= a 
*40. If ¢ = tan 6/2, write down expressions for sin @ and cos 0 
in terms of t. Use these to show that the equation 


acos? @ + b sin? 6 + 2g cos 6 + 2fsin@ +c=0 


can be written as a quartic equation in ¢. Write down an expression 
for tan 3(0, + 6, + 93 + 9,) in terms of tan $0, tan 40,, tan $0, and 
tan 46,. Deduce that the sum of the values of 6 which satisfy the 
equation above is an even multiple of z. 
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8 
THE SOLUTION OF TRIANGLES 


8.1. THE SINE FORMULA 


THE usual notation for a triangle is used. A, B, C denote the angles; 
a, b, c, the sides opposite these angles. R is the radius of the circle 
through the points A, B, C, the circumscribed circle, and 
2s (= a+ b+ c) the perimeter of the triangle. 





Figure 8.1 


Let R be the radius and O the centre of the circumcircle of 
AABC. Draw the diameter BOD and join CD. 
In ABDC, 
ADCB = 90° ___ (angle in a semicircle) 
ZBDC=A or 180°—A (see Figure 8.Ja and b) 


since ABDC is a cyclic quadrilateral. Thus 





BE = sin A or sin (180° — A) 
BD 
BC = BDsin A 
a=2RsinA (BD isa diameter) 
1 = 2R 
sin A 
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Similarly Peep. 4g 
sin B sin 
a b c 
Hence =—— = —— = 2R ... (8.1) 





sinA sinB  sinC 


a result generally known as the sine formula. 


8.2. THE COSINE FORMULA 


In AABC draw a perpendicular AL from A to meet BC, or BC 
produced at L. Consider these two cases separately: 





Figure 8.2 
Figure 8.2a Figure 8.2b 
BC = BL+LC BC = BL — LC 
thence thence 
BC =ccosB + bcosC BC = ccos B — bcos (180° — C) 
ie. i.e. 
a=ccosB+ bcosC a=ccosB+bcosC 


This result is common to both cases. 

By drawing the perpendiculars from B and C to the opposite 
sides two similar results can be obtained. Collecting these together 
we have 


a=bcosC+ ccosB 
b=ccosA+acosC ..- (8.2) 


c=acosB+ bcosA 
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By multiplying these equations by —a, b, c, respectively and 
adding them we obtain 


b? + c? — a = 2be cos A 


which gives a = b? + c? — 2be cos A 
Similarly 5? = c? + a? — 2cacos B . (8.3) 
and c= a+ b* — 2abcosC 


These results are known as the cosine formula. 
Note that any one of the formulae (8.2) or (8.3) generates the 
others by a cyclic permutation of 


é é =~ 
Reoe Cy 


Example 1. The point P divides the side AB of a triangle ABC 
internally in the ratio m:n. If ZACP=«, ZBCP= and 
ZBPC = 6 prove that m cot « — ncot B = (m + n) cot 6. 


Cc 


J. 


P 
Figure 8.3 


Referring to Figure 8.3 and using the sine formula for the triangles 
ACP, BCP we have 


AP CP AP | sing Z 
—_— = — _, hence — = —— ..(i) 
sing sinA CP sind 

and e.. henge ce eee ii) 


BP sin 
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From (i) and (ii) 
m AP AP CP sine sinB 





= =— - ... (iii) 
n PB’ CP PB sinA sin 
Also 6=A+a and 6=180°—B-—8 ... (iv) 
Eliminating A and B from (iii) by means of (iv) we have 


m___ sing __ sin(180° — 8 — 4) 
n  sin(@— a) sin B 
= sine _ sin(f + 8) 
sin (0 — a) sin B 
_ sin a(sin B cos 8 + cos # sin 0) 
sin (sin 6 cos « — cos 6 sin «) 
Dividing above and below by sin « sin B sin 0 we obtain 
m__cot@+cotB 
n cota —coté 
i.e. mcot« —mcot#=ncot@+ncot B 
so that mcot a —ncot B = (m+n) cot 6 
Example 2. Yn a triangle ABC when 5, c and ZC are given there 
may be none, one or two solutions. Obtain rules for discriminating 
between the three cases giving a geometrical explanation each time. 


Which of the two following cases is ambiguous? Find the two 
possible values of a in the ambiguous case. 


(i) b = 406°3, c = 289-4, C= 37 44’ 
(ii) b = 355-7, c = 5649, C = 68° 14’ 


Since b, c and C are given we note that 


Seen 
sinB sinc 
so that 
gp ane ... (8.4) 
c 


Generally there are two values of 2B less than 180°, the one 
obtuse, the other acute. Three cases need to be considered. 
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(a) bsinC>c 
Hence sin B = b sin C/e > 1 which is impossible 
no solutions exist. 


Geometrically 


b sin Cis the length of the perpendicular from A and is greater than 
the side c. Hence the circle centre A radius c does not cut CP 
(Figure 8.4). 





Figure 84 


(5) bsinC=c 
bsinC _ 
c 


sin B = 1 
and so B= 90°. Thus there is only one possible value for B. 
(i) If C < 90° the triangle exists and is right angled. 
one solution exists. 
(ii) If C> 90° then B+ C > 180°. 
no solution exists. 


Geometrically 


Since b sin C = ¢ the circle centre A radius c touches CP at P 
(Figure 8.5). 





Cc <90° C >90° 
Figure 8.5 
(c) bsinC <ec 
sin B = psn’ <1 
c 
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Hence there are two possible values of 7B; one acute and the 
other obtuse [see (7.4)]. 

(i) If b <c then B < C and hence B can only be acute, because 

if B is obtuse (>90°) then C is obtuse (>90°) and B + C > 180°. 
one solution exists. 


Geometrically 






and bsinC<c 


Figure 8.6 


(i) If b> c then B> C and provided C < 90°, B can be acute 
or obtuse. 
.. _ two solutions exist. 
If C > 90° neither value is admissible since B > C > 90°. 
no solutions exist. 


Geometrically 





bsinC<c, b>c, C<90° 


Figure 8.7 


(iii) b = c then B= C or 180° — C. For this latter value two 
sides of the triangle are coincident. Hence B = C gives the only 
solution, but it is only admissible if C < 90°. 

one solution exists. 
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Summary 
If bsnC>c no solutions 
bsinC=c and C<90° one solution 
So tet ke ae IG Se 00> no solutions 
bsinC<ec and b<e one solution 


b=c C<90° one solution 


99°99 ” oP I 


b=c C>90° no solutions 


9999 29 2 


b>c C<90° two solutions 


F938. 99 > 


b>e C>90° no solutions 


99 99 ”> > 


In both the given cases b sin C < c, but only in the first case 
is b > c. Therefore the first case b = 406-3, c = 289-4, C = 37° 44’ 
is the ambiguous case. 











Figure 8.8 

No. Log. 
b 4063 | 2-6088 
sin B=-—sinC sin 37° 44 1-7867 
: 2:3955 
_ 406:3 sin 37°44’ 289-4 2-4615 
89-4 0-8590 | 1-9340 
7 O80 sin37° 44" | 1-7867 
B= 59°12’ or 120° 48’ rn ary 


Hence A = 83°4’ or 21° 28’ sin 83° 4’ T-9968 


. 469-5 . 
ne 2°6716 


sin C 2-6748 


sin 21° 28’ T-5634 
Hence a = 4695 or 173-1 
173-1 2-2382 
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Example 3. Given a triangle whose sides are in the ratio 4:5:6 
prove, without use of tables, that one angle is twice another angle. 
Since the sides are in the ratio 4:5:6 their lengths are 4k, 5k, 6k 
(a, b, c say) where k is a constant. 
Formulae (8.3) can be rewritten 


2 2 2 
cos A = ent with similar results for cos B, cos C 
c 
Hence cos A — 25k? + 36k" — 16k? — 3 
60k? 4 
ee 36k? + 16k? — 25k? = ‘9: 
48k? 16 
sos Cs 16k? + 25k? — 36k? = 


1 
40k? 8 
Consider the smallest angle A 


cos 2A = 2cos? A — 1 


= 29-1 
=4 
=cosC 

Hence 2A =2n7 tC 


but since A and C are angles of a triangle 


2A =C _ is the only solution 


Example 4. A vertical tower stands on a river bank. From a point 
on the other bank directly opposite and at a height h above the 
water level, the angle of elevation of the top of the tower is « and 
the angle of depression of the reflection of the top of the tower is . 
(Assume the water is smooth and the reflection of any object in the 
water surface will appear to be as far below the surface as the object 
is above it.) Prove that the height of the top of the tower above the 
water is A sin (« + 8) cosec (8 — «) and ae: width of the river is 
2h cos « cos B cosec (8B — «). 
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Refer to Figure 8.9. AB is the tower, O the observer, OP, OQ 
the horizontal and vertical through O. Let x be the height of the 


tower, and y the width of the river. 
A‘B = AB = x, OP = BQ=y 
In AAPO AP = PO tan « 
x—h=ytane 


In AA‘PO A’P = PO tan 8 


x+h=ytané +. fii) 





pied BU oe 





Water surface 





Figure 8.9 


Subtracting equation (i) from equation (ii) (to eliminate x) 
2h = y(tan 6 — tan «) 
sin sin 
as (28 _ sin 


cosB cosa 


Zz (2 B cos « — sin « cos B) 


cos «cos B 


sin (B — «) ° 
cos «cos B 


Hence y = 2h cos « cos B cosec (8 — a) 
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To obtain the length of the tower x, multiply equation (i) by tan 8, 
equation (ii) by tan « and subtract 


x tan B —htanf —xtana—htana=0 
x(tan 8 — tana) = h(tan a + tan ) 
x(28 — ns) = (222 4 sin B 
cosB cosa cose cos 
x [om Pewee — sin « cos g) _ p(mzcose + cos a sin B) 





cos «cos B cos a cos B 
x sin (B — «) = hsin(« + B) 
whence x = hsin (a + B) cosec (8 — @). 


Exercises 8a 


1. The point P divides the base AB of a triangle ABC in the ratio 
min, If ZBPC = 8, prove that 


ncot A — mcot B= (m+n) cot 0. 


2. Without using tables prove that there is a triangle whose 
angles are cos~! $3, cos“! $, cos“? (— 4). 

3. The median AD of a triangle ABC makes angles 8, y respec- 
tively with AB, AC and Z ADB = 9. Show that 2 cot 6 = cot y — 
cot 6. If AD = 15 ft, B = 35°, y = 30° find B, C, a as accurately 
as the tables permit. (W.J.C.) 

4. If in any triangle ABC 

cos A cos B + sin A sin BsinC = 1 
prove that A = B = 45°. 

5. In a triangle ABC the angle C is 60°. Show that c? = a? — 
ab + 6°. If a, b are the roots of the equation 4x? — 10x + 3 =0 
find the value of c and show that the length of the perpendicular 
from C to AB is (3./3)/16. (N.U.J.M.B.) 

6. In the triangle ABC the perpendiculars AL, CN from A, C to 
the opposite sides intersect at H. R is the circumradius and O is the 
circumcentre of the triangle ABC. 

(i) Prove that NA = bcos A, and Z NHA = B, and hence that 
AH = 2R cos A. 

(ii) Prove that “OAH = C — B and hence by using the result 
in part (i) and applying the cosine rule to AOAH prove that OH? = 
R%(1 — 8 cos A cos Bcos C). 

7. Starting from the sine formula for a triangle ABC or otherwise, 
b—c__ sin3(B—C) 

cos $A 
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A, B and C are three towns. C is due south of A, and the bearing of 
B from A is 30° west of south. B is 50 miles from C, and 10 miles 
nearer to A than C. Calculate the bearing of B from C. 
(S.U.J.B.) 
8. In the tetrahedron ABCD the three angles at A are each 60° 
and AB, AC, AD are of lengths 2, 3, 4 in. respectively. Find the 
angles of the triangle BCD. 2 72 oa 
9. Prove that, in any triangle ABC, ise — sin (4 — B) 
c sin(A + B) 


10. Where possible solve the following triangles: 
(i) c = 2-718, b = 3-142, ZC = 56° 18’ 

(ii) ¢ = 413, b = 5-62, ZC = 61° 23’ 

(iii) c = 5-62, b = 5-62, ZC = 67° 54’ 

(iv) a = 651, ¢ = 792, ZC = 73° 22' 

(v) a = 58-7, c = 63-2, ZA = 60°. 


8.3. THE AREA OF A TRIANGLE 


In triangle ABC let AD be the perpendicular from A to BC. 
Let A denote the area of the triangle. Referring to Figure 8.10 we 
have, since AD = ¢ sin B, 


A 


B D Cc 
Figure 8.10 


A = 4BC. AD = hac sin B ... (8.5) 
From (8.1) 


sin B = iB. 
2R 


and hence on substituting in (8.5) we have 
be 
Aa OS 11 (8.6 
4R eo) 
The area of the triangle can be found in terms of the sides alone. 
erOnUS*) 2ac sin B = 4A 
and from the cosine formulae (8.3) 


2ac cos B = c? + aq? — 5? 
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On squaring and adding noting that cos? B + sin? B = 1 we have 
4a’c? = 16A2 + (c? + a® — 6)? 
or 16A? == 4a%c? — (c? + a® — b*)? 
16A? = (2ac — ce? — a? + b*)Qac + c? + a? — b*) 
= [Bb —@—c)*][@ + c)}? — B*) 
=(-a+b+o(bt+ta—catb+c(a—b+ec) 
Now if we leta + 6+ c = 2s 
16A2 = (2s — 2a)(2s — 2c)(2s)(2s — 2b) 
A? = s(s — a)(s — b)(s — c) 
A = ,/[s(s — a)(s — b)(s — c)] ... (8.7) 
(Hero’s formula) 


Example 1. Given that the sides of a triangle are of length a = 
3-57 in., b = 2-61 in., c = 4-72 in. find its area and the radius of its 
circumcircle. 


2s=a+tb+ec=3-57 + 2-61 + 4:72 
= 10-90 
5 = 5-45 


Hence using formula (8.7) 





A = /[5-45(5°45 — 3-57)(5-45 — 2-61)(5-45 — 4-72)] 
= /(5-45 x 1:88 x 2:84 x 0°73) 
= 4-609 in? 

From (8.6) 


_ 3:57. x 2:61 x 4-72 
4 x 4-609 
R = 2-385 in. 
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Example 2. In the triangle ABC, b, c and B are given and have 
such values that two distinct solutions are possible. Show that the 
difference between the two possible values of the third sides of the 
two triangles is 2,/(b? — c? sin? B). Also show that the difference 
between the areas is c sin B,/(b? — c? sin? B). 

From the cosine rule for a triangle 


5? = a + c? — 2accos B 


and since b, c and B are given this is a quadratic in a giving two 
possible values a,, a,. Rewriting the equation as 


a — 2accos B+ (2? — B)=0 





Figure 8.11 


wehave a,-+ d= 2ccosB (sum of the roots) 
aa, = 2 — FB? (product of the roots) 
Hence a, — a, = ./(a, — a)? 
= J[(@ + a)? — 4a,a,] 
= ,/[4c? cos? B — 4(c? — b?)] 
= 2,/[b? — (1 — cos? B)] 
= 2,/(b? — c* sin? B) 
The two areas are (see Figure 8.11) given by fa,c sin B and }a,c sin B. 


Hence the difference in areas is given by }(a, — a,)c sin B. On using 
the above result we can write this as c sin B\/(b? — c? sin? B). 


Exercises 8b 


1. In a triangle ABC, b, c and C are given and have such values 
that two distinct solutions are possible. The areas of the two triangles 
are in the ratio 2:3. Prove that 25(b? — c?) = 24b® cos? C. (Hint: 
refer to section 8.3, Example 2.) 
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2. The median CC’ of a triangle ABC meets the side AB in the 
point C’. If @ is the angle AC’C prove that 


2c cos 6 _ ¢sin 6 - lj (I.M.B) 


3. If A is the area and R the radius of the circumcircle of the 
triangle ABC prove that cos A + cos (B — C) = 2A/aR. 

4. If E is the middle point of the side CA of the triangle ABC and 

if A is the area of the triangle prove that 
BC? — BA® 

t AEB = ——_—— L.U. 

co aA (L.U.) 

5. If px, Pa, Ps are the lengths of the altitudes of a triangle and R 

the radius of its circumcircle prove that (i) 8A® = p,pep3 abe and 


(ii) A = JGRpipops). 


8.4. MISCELLANEOUS APPLICATIONS 
We shall end the chapter with some typical examples. 


Example 1. Show that, in any triangle ABC, tan}(B —C)= 
b-— ‘ 
Fi cot $A. Use this formula, rather than the cosine formula 
(8.3), to solve the triangle in which b = 15-32, c = 28-6 and A = 
39° 52’. 

From the sine formula (8.1) we have that b = 2Rsin B, c= 
2R sin C. Hence after cancelling 2R 


b-—-c _ sinB—sinC€ 
b+e sinB+sinC 
_ 2cos (B+ C) sin $(B — C) 








=a: by (6.50) 
2 sin 4(B + C) cos #(B — C) 
= cot 4(B + C) tan 4(B — C) 
Hence tan }(B — C)= OC tan 3(B + C) 
b+e 
But since $(B + C) == 90° — $4 this can be rewritten 
enn 6)" cori a (8.8) 
b+e 
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Since b = 15-32, c = 28-6 it is better to write the formula as 
c—b 





























tan 3(C — B) = cot 4A 
3( ) Sarre $ 
Hence 
tan (C — B) = mre ceA 19°56’ 
= 13:28 cot 19° 56’ 13-28 1:1232 
43-92 cot 19° 56’ 0-4405 
= 020-8337 1-:5637 
so that 43-92 1-6427 
3(C — B) = 39°49’ 2.) 0:8337 T-9210 
Also 15-32 1-1853 
4(C + B) = 90° — 44 sin 39° 52’ T-8069 
= 90° — 19°56’ 0-9922 
sin 30° 15’ T-7022 
= 70° 4’ 2... Gi) | -- 
19-50 1-2900 





From (i) and (ii), C = 109° 53’, B = 30° 15’: 
Now 
aed bsin A - 15-32 sin 39° 52’ 
sin B sin 30°15’ 
= 19-50 


and the required solution is B = 30° 15’, C = 109° 53’, a = 19-50. 





Example 2. A, B are two points on the same level. The distance 
AB isc. The angles of elevation of the top T of a vertical tower from 
A and B are « and f respectively. If T’, the foot of the tower, is on 
the same level as A and B then ZT’AB= y and ZT’BA =o. 
Find an expression for the height of the tower in terms of c, y, 6 
and either « or f. Also prove that sin 6 tan « = sin y tan f. 
From the triangle ABT’ (Figure 8.12) 
AT’ BT’ _ AB 


— SS SS ... (i) 
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From the right angled triangle AT’T 
TT’ = AT’ tan « 


in dt es 
Hence from (i) TT’= Oa ... (ii) 





Figure 8.12 


Similarly from the right angled triangle BT’T 
TT’ = BT’ tan 8 


,_ ¢sin y tan B 
sin (y + 6) 
Equating (ii) and (iii) and simplifying 


..« iii) 


Hence from (i) 


sin 6 tan « = sin y tan B 


Example 3. A point Q is in a direction 6° N of E from a point O. 
P is a point between O and Q such that OP = x. R is due north of 
Q and QR subtends angles « and f at O and P respectively. Prove 
that 

x sin « sin B 
ahs sin (B — a) cos 6 


Refer to Figure 8.13. In AORP 


s00F 2a he 
sinORP singe 
but ZORP = B —« 
Hence R= Le ... (i) 
sin (B — a) 
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QR _ _ PR 
sinB sin PQR 
Now Z.PQR = 180° — ZOQS = 180° — (90° — @) 
= 90° + 6 





In A PRQ 


PR sin B 


Hence QR = sin (90° + 6) eee (ii) 





Figure 8.13 


From (i) and (ii) 
_ __xsin« sin B 
sin (B — «) cos 0 


Example 4. Prove that in any triangle ABC (i) cot Bcot C + 
cot C cot A -++ cot A cot B = 1 and (ii) assuming 


ung Ja | 


where 2s =a+b+c prove that if the cotangents of the half-angles 
are in arithmetical progression then the sides will also be in arith- 
metical progression. 


(i) cot Bcot C + cot Ccot A + cot A cot B 


cosB , cosA 
sinB  sinA 





= cot C( £284) + cot A cot B 


sin (A + B) 
sin A sin B 
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which, since C = 180° — A — B, 
sin C cos Acos B 


= cot C-——_— +- : 
sin AsinB sin A sinB 


1 
= ——— (cosC + cos A cos B 
maiane ‘ ) 


1 


= ———— {cos [180° — (A + B)] + cos A cos B} 


sin A sin B 
1 


= ————— [—cos (A + B) + cos A cos.B] 
sin A sin B 


= ———— (sin A sin B) 
sin A sin B 
=1 
(ii) Since tan 4 ee J [ea me— a] 


s(s — a) 


s(s — a) tan 2 — s(s — a, /[e—Be— 9} 


s(s — a) 





= 4/[s(s — a)(s — b)(s — c)] 


=A (Hero’s formula) 


Similarly s(s — b) tan 3 =A 
s(s — Aten = 

2 
Hence s(s — a) ‘aoe = s(s — b) jane = s(s — c) ene 
2 2 2 
or — = = 


Therefore 
Cc 


A B 
s— > (s — b) :(s —c) = cot — : cot— : cot— 
(s — a) :(s — b) :(s —c¢) > 5 5 
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But cot 4/2, cot B/2, cot C/2 are in arithmetical progression (given), 
hence (s — a), (s — 5), (s—c) are in arithmetical progression. 
Hence —a, —b, —c or a, b, c, are in arithmetical progression. 


EXERCISES 8 


1. The sides a, ¢ of a triangle ABC are of length 3 cm and 7cm 
respectively, and the angle C is 76°. Find the angles A and B and 
the side 6. Can there be two solutions? 

2. Prove that for a triangle of area A 


ab = 2A cosec C, e@+bh%=c+ 4A cotC 


(You may assume the cosine formula for a triangle.) Find the re- 
maining sides of a triangle in which one side is 5in., the opposite 
angle is 45°, and the area is 15 in.* (L.U.) 


3. If in any triangle ABC sin 6 = pire cos$A prove that 
(b + c) cos 0 = a. 

For the case b = 123, c = 41:2, A = 40° 50’, find the value of 
sin 6 and hence the value of a. 

4. Two triangles ABC, PBC stand on the same side of the base 
BC of length 10 cm. If the angles ABC, PBC, ACB, PCB, are 
respectively 60°, 45°, 30°, 60°, calculate the distance AP. 

5. In a triangle ABC, b = 20-3in., c= 15-8in., B= 94° 12’. 
Show that there can be only one such triangle. Calculate the values 
of a, A, C and find the area of the triangle. 

6. If p is the altitude from A to BC of a triangle ABC, prove that 


(b + c)? = a + 2ap cot $A 
(b — c)? = a? — 2ap tan $A 


Hence, or otherwise, given a = 80, p = 50, A = 37°, calculate 
b,c. (W.J.C.) 

7. The length of the sides of a cyclic quadrilateral ABCD are 
given by AB = 3, BC = 4, CD = 5, DA = 6. Calculate the angles 
B and D and the length of the diagonal AC. (N.U.J.M.B., part) 

8. A column is / ft. high. A man is standing at a horizontal 
distance a ft. from the base of the column, his eye level being at b 
ft. He notices that a statue on top of the column subtends an angle 
6 at his eye. Find the height of the statue. 

9. An observer O standing on top of hill finds that the angles of 
depression to two points A and B on the same horizontal level are 
« and f respectively. If he is 300 ft. vertically above AB and the 
angle AOB is y, find the distance AB in terms of «, B, y. 
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a 
10. In any ee ABC assuming that ——~ Si A SAR aa 


a ee 1 
aE bae tan $A tan 4B. Calculate the value of c 


for the triangle in which a+56=185in., A=72°14’, B= 
45° 42’, 

11. In a triangle ABC the angle A is 60°, and the side a is the 
arithmetic mean of the sides b and c. Prove that the triangle is 
equilateral. 

12. Prove that in any triangle ABC 

(i) a= bcosC + ccosB 


(ii) sin }(A — B) = — cs: aC 


(iii) sin? B + sin? C = 1 + cos(B — C)cos A. (J.M.B.) 

13. In a triangle ABC, the lengths of the sides BC, CA, AB, are in 
the ratio 8:5:9. A point P is taken on BC such that BP:PC = 1:3. 
Prove that angle ACP = 2 x angle APC. 

14. In the triangle ABC, the sides AB, AC are equal and contain 
an angle 20. The circumscribed circle of the triangle has radius R. 
Show that the sum of the lengths of the perpendiculars from A, 
B, C to the opposite sides of the triangle is 


2RU + 4 sin 6 — sin? 6 — 4 sin? 6) (J.M.B., part) 


15, The side BC of the triangle ABC is divided internally at a 
point A, such that BA, = s — b, wheres = 3(a + b +c). Show that 
A,C =s—e. 

Points B, and C, are taken on CA and AB such that CB, = s —c 
and AC,=s—a respectively, Show that 2 B,A,C, = B+ C) 
and prove that if A, is the area of the triangle A,B,C, 


A, = 2(s — b)(s — c) sin 4B sin $C cos $4 
Deduce that if A is the area of the triangle ABC 
s? A? = A‘ sin A sin B sin C sin $A sin $B sin $C 


(J.M.B.) 
16. If the area of the triangle ABC is A and 2s = a + b + c prove 
that 


prove that 





s? 


Hint: assume tan}4= J Poa — dys — e=me= 9 


s(s — a) 
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17. The medians AD, BE, CF of the triangle ABC meet at G. 
Prove that 


cot ZAGF + cot ZBGD + cot ZCGE = cot A+ cot B+ cot C 


18. A sloping plane bed of rock emerges at ground level in a 
horizontal line AB. At a point C on the same level as AB and such 
that BC = 1200 ft. and the angle ABC is 60° a vertical shaft CD of 
depth 300 ft. is sunk reaching the rock at D. Calculate the inclination 
of the plane of the rock to the horizontal. Another vertical shaft is 
sunk at M, the mid-point of BC, and reaches the rock at N. Given 
that AB is 1000 ft. calculate the inclination of AN to the horizontal. 
(Give answers to the nearest degree.) (J.M.B.) 

19. Solve completely the triangle ABC in which a = 2:818, 
b = 3-162, A == 56° 18’. Show that there are two solutions and find 
the area in each case. 

20. D and E are points dividing the side BC of triangle ABC 
internally and externally in the ratio p:q. If 7ADC= 6 and 
ZAEC= ¢ prove that (p+ q)cot@=qcot B—pcotC, and 
write down the corresponding result for cot ¢. Hence prove that 
Z DAE = 90° only if p :¢ = ¢:b. (S.U.J.B) 

21. If A, B, C are the angles of a triangle and the products 

cos 2A cos 2B cos 2C,sin 2A sin 2B sin 2C 
have given values p, g respectively, prove that 
P —q cot 2A = cos? 2A 
and deduce that tan 2A, tan 2B, tan 2C are the roots of the equation 
(pt—ger+ i=t 

Show that if p = 4 and q = 0, then the angles of the triangle are 
in the ratios 1:3:4. (L.U.) 

22. In the triangle ABC, AC = 5, BC =7 and angle CAB is 
60°. Prove that AB = 8. If D is a point on the circumcircle of the 
triangle on the side of BC away from A, and the angle CBD is 30°, 
show that sin ABD = #8 and find AD. (J.M.B.) 

23. Without using tables show that there is a triangle ABC whose 
angles are such that tan $A = 3, tan} B= ¥,, tan $C = 3. 

24, Establish the sine rule for a triangle. 

A vertical tower AB stands on top of a hill which may be assumed 


to be a plane inclined at 8° to the horizontal. BCD is the line of 
greatest slope of the hill through B, the foot of the tower. The 
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angles of elevation above the horizontal of A from C and D are 
29° and 20° respectively and the length CD is 125 ft. Find the 
height of the tower. (L.U.) 

25. Ris the radius of the circumcircle of a triangle ABC of area A. 
Show that A = }dc sin A and that R = abc/4A. D is the mid-point 
of BC and P and Q are the feet of the perpendiculars from D to AC 
and AB respectively. Find the area of the triangle DPQ in terms of 
a, Aand R. Show that the area of the triangle APQ is 


_A_ 

16b°c* 

26. A point P is due south of a wireless mast and the angle of 
elevation of the top of the mast from P is «. A second point Q is 
due east of P and the angle of elevation of the top of the mast from 
Qis 8. The horizontal distance between P and Q is c and the vertical 


height of P above Q is h. If x is the height of the top of the mast 
above P, prove that 


x? (cot? B — cot? «) + 2hx cot? B + A? cot? B — c? = 0 
Calculate the height to the nearest foot when 
a=16, B=16, Ah=35ft, c= 340 ft. (J.M.B.) 


27. The base of a pyramid of vertex V is a square ABCD of side 
2a. Each of the slant edges is of length a,/3. Find 
(i) the angle between a slant face and the base 
(ii) the perpendicular distance of D from the edge VA 
(iii) the angle between two adjacent slant faces (J.M.B.) 
28. If a+ 6 + y = 90° prove that 


1 — sin? « — sin? 8 — sin? y — 2 sin asin B sin y = 0 


(3b? + c? — a®)\(3c? + b? — a’) (L.U.) 


A convex quadrilateral ABCD is inscribed in a circle of which DA 
is a diameter. If a= AB, b = BC, c = CD, d= DA prove that 
d — (a? + b? + c*)d — 2abc = 0. (J.M.B.) 

29. Points P, Q and R are taken on the sides of a triangle ABC 
(P on BC, Q on CA, R on AB) and lines are drawn through these 
points at right angles to the sides on which they lie. Prove that they 
will be concurrent if 


BP? — PC? + CQ? — QA? + AR* — RB? = 0 
Hence or otherwise prove that the altitudes of any triangle are 
concurrent. 


If the altitudes of the triangle ABC are AD, BE, and CF and if 
A’, B’, and C’ are the mid-points of BC, CA and AB respectively, 
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prove that A’D. BC + B’E. CA + C’F.. AB = 0, where the prod- 
ucts are counted plus or minus according to the directions indicated 
by the order of the letters. (S.U.J.B.) 

30. From a mountain peak P, 2000 ft. above sea level, observa- 
tions are taken of two further peaks, A and B. The horizontal 
distance of A from P is 3 miles, its angle of elevation from P = 10°, 
and its bearing from P is N 20° E. The horizontal distance of B 
from P is 1 mile, its angle of depression from P is 15°, and its bearing 
from P is N 80° E. Find 

(i) the horizontal distance of A from B 

(ii) the heights of A and B above sea level 

(iii) the angle of elevation of A from B (J.M.B.) 

31. A tent covers a rectangular piece of ground of length / and 
breadth b. Each of the long sides of the tent is a trapezium inclined 
at « to the ground and each of its ends is an isoceles triangle inclined 
at B to the ground. Prove that 

(i) the height of the tent is $b tan « 

(ii) the length of the top edge is / — 5 tan « cot B. 

Find the total area of the tent. (J.M.B.) 

*32. The lengths of the sides AB, BC, CD, DA, of a quadrilateral 
ABCD are a, 5, c, d respectively. The lengths of the diagonals 
AC, BD are x, y respectively. The sides AB, DC produced meet 
at an angle 9. Prove that b? + d* = x? + y? — 2ac cos 6. 

Further if P, Q, R, S, are the mid-points of the sides in the above 
order and if p = PR, g = QS, prove that p? — q? = bd cos ¢ — 
ac cos 0, where ¢ is the angle of intersection of the sides BC, AD 
produced. 

*33, From a point on the side line of a football field at a distance 
2h from the corner flag the angle between the directions to the goal 
posts at the same end as the flag is «. Denoting the angle between 
the directions to the nearest post and the flag by 9, show that 


id 1d 
tan? 6 + --tan@ +1—--cot«a=0 
Tepe ee aR 


where d is the distance between the posts. If, when the distance 2h 
is changed to h, the angle « changes to 2x, determine d in terms of h 
and tan a. (J.M.B.) 

*34. A long square peg with cross section of side a and with flat 
ends perpendicular to its axis is placed in a round cylindrical hole of 
diameter d (>a,/2) and uniform depth h. The peg rests with its 
axis making an angle 6 with the axis of the hole. The edge CD of the 
end face ABCD of the peg rests on the bottom of the hole, and 
the corners A and B are in contact with the wall of the hole. Also 
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the long edges through C and D rest against the upper rim of the hole. 
Show that the depth of the hole is given by the equation 


htan 6 = /(d? — a*) — acos 6 (J.M.B.) 


*35, Two vertical cliff faces are at right angles and intersect in 
the line AOB, with B above A. A thin plane stratum of rock passes 
through O and intersects the cliff face in lines OL and OM respectively, 
each of which makes an acute angle 0 with OB. Prove that 

(i) the angle between the two lines of intersection is cos™* (cos? 6) 

(ii) the angle of inclination of the stratum to the horizontal is 
tan“ (,/2 cot 4). (J.M.B.) 
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THE FUNDAMENTAL IDEAS OF 
THE DIFFERENTIAL CALCULUS 


9.1. FUNCTIONS 


THE calculus has at its foundations the notion that the value of one 
quantity may depend on the value of another quantity. For example, 
the volume of a sphere depends on the radius of the sphere, the 
relationship between the two quantities being expressed by the 
formula V = $ar°, where r is the radius in some units of length 
and V is the volume, measured in appropriate units. The area, A 
square units, of a square is related to the length / units of one of the 
sides by the formula A = /?, These are two fairly simple examples 
and our readers will probably be able to provide many more. 

When the value of one quantity depends on the value of a second 
quantity we shall say that the first quantity is a function of the second 
quantity. For the above examples we would say that V is a function 
of r, and A is a function of /. In both the examples given, the two 
quantities have been related by means of a mathematical formula, 
expressing one in terms of the other. This will often be so when one 
quantity is a function of another but it is not essential. The weight 
W Ib. of an individual depends on the age a years of that individual 
and so W is a function of a, but it is not possible to express W in 
terms of a. Other examples of this type of situation could be given, 
and we emphasize the point that the real criterion for saying that 
one quantity is a function of another, is that the first depends in 
some way on the second quantity. 

Unless we are dealing with a particular example we shall generally 
use the symbols y and x to denote the two related quantities. The 
statement “y is a function of x’’ is expressed mathematically by 


writing y = f(x) (9.1) 


The “f”’ is used to indicate dependence on the bracketed quantity 
(x). Other letters can be used to distinguish between different 
functions, the more commonly used symbols being F(x), ¢(x), P(x). 
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As the value of x varies the value of y varies in a way determined 
by the particular function. The value of y depends on the value of x. 
For this reason y is called the dependent variable. x is called the 
independent variable. The value of y or f(x) when x has the value 2 
say is denoted by f(2), and in general when x has the value a the 
value of f(x) is denoted by f(a). If f(x) is expressible as some formula 
involving x, these values can be calculated by substitution into this 
formula. 


Example 1. If f(x) = x* — 3x evaluate f(2), (3), f(—-5), f(@). 
f(2) = 227-3 x 2= —2; £3) = 3?-—3 x 3=0; 
f(—5) = (—5)? — 3 x (—5) = 40; f(a) = a*® — 3a. 


As we have indicated above x is called the independent variable 
and may be given any value. It does not, however, necessarily 
follow that to each and every value of x there corresponds a value for 
y. A function y = f(x) is said to be defined for a certain value a, 
of x, if a definite value of y = f(a) corresponds to this value of x. 


Example 2. For what values of x are the following functions 
1 
defined? (i) f(x) = 2x — 5; (ii) f(x) = Pay 


(i) y = f(x) = 2x — 5 is defined for all values of x since to any 
value of x we obtain a value of y. 








(ii) y=f(x)= 2 2. 3 is defined for every value of x except x = 2 


since if we try to evaluate y when x = 2 we obtain § which is meaning- 
less since division by zero is not a valid operation.* 

If the functional relationship between y and x is expressed by a 
formula giving y in terms of x we say that y is an explicit function 
of x. The functions just considered, y = x? — 3x, y= 2x —5, 





1 wid F 
Y= FG Ate all cases where y is an explicit function of x. It 


may be that the relationship between the quantities y and x is 
expressed by means of an equation of the type for example 3y + 
4x —5 = 0 or x8 + y3 = 27. In this situation we say that y is an 


* Our readers will soon convince themselves that it is not possible to obtain a 
consistent arithmetical system if division by zero is allowed. Paradoxes such as 


1xo0=2x0 
1 =2!! 


result if division by zero is valid which, we repeat, it is not. 
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implicit function of x. It is in fact possible to express y as an explicit 
function in both these cases. Thus for the first example y = 4(5 — 
4x), and for the second example y = ~/(27 — x). This will not, 
however, always be the case. If y® + xy + x3 = 3 is the equation 
which defines y as an implicit function of x, then to express y explicitly 
in terms of x we should have to solve the quintic equation y® + 
xy + x? — 3 = 0, and this is not possible for a general value of x. 

We shall call a function a single valued function of x if to any 
given value of x there is one and only one value for y. Thus yr 
is a single valued function of x since to any value of x, say x = 9, 
there is just one value for y, (y = 92 = 81). This is not true of the 
function y = ,/x since corresponding to x = 9 say, there are two 
possible values for y, y= +3 or y= —3. We call the function 
y = ./x a two-valued function of x. In general, if to a value of x 
there corresponds more than one value of y, we shall say that yisa 
many-valued function of x. It is clear that serious ambiguities can 
arise in dealing with many valued functions. There is no way of 
telling for example when dealing with the function y = ./x whether 
the positive root or the negative root should be chosen. To avoid 
this type of confusion mathematicians prefer to work with single- 
valued functions. In the example given we would work with either 
of the two single-valued functions of x; y = +./x or y = —4/x. 
It is conventional that the square root sign on its own refers to the 
positive square root. We shall adhere to this, so that y = /x will 
mean the positive root of x, and so, with this convention, is a single- 
valued function of x. 


Exercises 9a 


1. A rectangular enclosure is made using 100 yd. of fencing. The 
fencing is used on three sides only the fourth side consisting of a 
stone wall. If the length of wall used for the enclosure is x yd. find 
the area of the enclosure A yd.? as a function of x. 

2. A cylindrical can open at one end is constructed so that its 
combined length and girth is 20 cm. If the height of the can is h 
cm, express the volume of the can as a function of A. If the radius of 
the can is r cm, express the surface area of the can as a function of r. 

3. In the triangle ABC, AB = AC= 10 cm. If ZABC = x°, 
express the height / of the altitude from A to BC as a function of x. 

4. f(x) = x? — 3x. Evaluate f(1), f(2), f(—1). 

5. ¢(x) = x* — 5x + 6. Evaluate (0), 4(1). For what values of 
x is A(x) = 0? 

6. F(@) = cos 6 — sin 8. Evaluate F(0), F(z/2). For what values 
of 0 is F(6) = 0? 
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7, For what values of x is the function ¢(x) = 2x/(x — 1)(x — 2) 
defined ? 

8. For what values of x is the function (x — 3)(x — 7) negative? 
For what values of x is the function ah [(x — 3)(x — 7)] defined ? 

9. Define y as an explicit function of x (if possible) when (i) 
xy t+4y=%3; GD x+yt+y? =x; (iii) x8 + y8 + xy = 3. 

10. If y is defined as an implicit function of x by the relations 
@) xy +y? = 2; Gi) xy? + yt + 1 =0, evaluate y when x = 1 and 
when x = 2 (if possible) in each case. 


9.2. GRAPHICAL REPRESENTATION OF A FUNCTION 


It is very helpful to represent the variation of a function by 
drawing its graph. The graph of the function y = x?, with which 
our readers are probably familiar, is shown in Figure 9.1. 


y 


yx? 


0 
Figure 9.1 


The graph of the function y = x? is a smooth continuous curve 
over the range of values of x for which the function is defined (in 
this case for all values of x). We say that the function y = x? 
is a continuous function of x. 





Figure 9.2 


Figure 9.2 shows the graph of the function y = 1/x. There is a 
break in the curve when x = 0. Indeed the function is not defined 
when x = 0. The graph is discontinuous at this point, and we apply 
this same description, discontinuous, to the function at this point. 
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The function is of course continuous for any range of values of x 
which does not include zero. 

The word “smooth” was applied to the curve in Figure 9.1. 
However, continuity does not necessarily imply a smooth curve. 
Consider the following function of x defined as “y is the positive 
number having the same magnitude as x” (i.e. y = |x|, the modulus 
of x. See section 1.4). This function may be expressed in the form 
y=xifx > 0, y = —x if x < 0. Its graph is shown in Figure 9.3. 
The graph is not smooth near the point on it where x = 0, but it is 
continuous. 





Figure 9.3 


9.3. THE RATE OF CHANGE OF A FUNCTION 


If y is a function of x, as x changes y will in general change. 
We relate the change in y to the corresponding change in x by 
defining the average rate of change of the function to be the change 
in the function divided by the corresponding change in x. If x, and 
Xg are two values of x, the corresponding values of y being y, and y, 
then the average rate of change of the function as x changes from 
X, to x, is 

td wo s(9.2) 
Xo a: xy 
Example 1. Find an expression for the average rate of change of the 
functions (i) y = 2x + 5 (ii) y = x? in the interval x, to xp. 
(i) For y = 2x + 5 by (9.2) the average rate of change is 
(2x2 +5) — (2% +5) be 2(X2 — 4) = 
Xo -- x4 Xo ca xy 
We notice that this is the same for each interval x, to x,. 
(ii) By (9.2) the average rate of change is 


2 


x," ~ x," -_ (X2 — %1)(%2 + %1) 
X_— XY X_q — Xy 
which is different for different intervals. 


=X, +X, 
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If we represent the function graphically the average rate of change 
of the function in the interval x, to x, may be interpreted geometrically 
as being the gradient of the chord joining the points on the graph 
with abscissae x, and x2. For the function y = 2x + 5 the graph isa 
straight line (Figure 9.4a) and the gradient of any chord is always 2. 
2 = gx = 2. But for the graph of y = x*, (Figure 9.4b), the 


gradient of the chord PQ is different from the gradient of P’Q’ etc- 





Figure 9.4 


A practical application of this idea arises in connection with 
“‘space-time”’ graphs. Suppose a body moves so that the distance s 
moved after time f is s = f(#). Then the average rate of change of s 
as ¢ changes from f, to f,, viz. (Sg — 51)/(te — ty), is just the average 
velocity of the body in the interval #, to ¢, and is the gradient of the 
appropriate chord on the space-time graph. 

Equation (9.2) expresses algebraically the gradient of the chord 
joining the points with abscissae x, and x, on the graph of y = f(x). 
Can the gradient of the tangent to the curve be given a similar 
algebraic interpretation? Geometrically we feel no difficulty in 
drawing the tangent to a curve at a particular point, but in order to 
interpret this process algebraically we need to consider the process in 
some detail. 

Suppose we consider the definite problem of finding the gradient 
of the tangent at the point with abscissa 1 on the curve y = x°. The 
gradient of the chord joining the points on this curve with abscissae 
1 and x, is from the result of Example 1(ii) equal to 1 + x2. Consider 
the chords PQ, PQ,, PQ., PQ; where P has abscissa 1 and Q, Qu, 
Qz, Qs have abscissae 1-5, 1-1, 1-01, 100001. These chords (pro- 
duced) are becoming nearer and nearer to being the tangent to the 
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curve at P (Figure 9.5 shows the curve in the region of P magnified 
many times). Indeed we can imagine that as we try to draw the 
tangent at P we rotate our ruler through the positions of these 
chords before finally drawing the tangent at P. 

Geometrically as Q approaches P so PQ approaches the position 
of the tangent at P. Algebraically the gradient of the chord is 
1 + X (x2 the abscissa of Q) and as x, gets nearer and nearer to the 
value 1, this expression will become nearer and nearer to the gradient 





Figure 9.5 


of the tangent at P. The gradients of the chords PQ, PQ, PQ,, 
PQs are 2:5, 2-1, 2-01 and 200001. These are approaching the value 
2 which we say is the gradient of the tangent at P. 

Quite generally the gradient of the chord joining the points R and S 
with abscissae x, and x, on the curve y = x?, is x, + x9. If we allow 
the abscissa of S to approach the abscissa of R, the chord RS 
becomes nearer and nearer to being the tangent at R. Algebraically 
the expression x, +- x, takes values closer and closer to the value 2x, 
as xX, takes values closer and closer to the value x,, and so the 
gradient of the tangent to the curve y = x? at the point with abscissa 
xX, is 2x,. 

The same procedure enables us to find the gradient of the tangent 
at the point with abscissa x, on the graph of the function y = f(x). 
The gradient of the chord joining the two points with abscissae x, 


and x, is ae This expression will depend on x, and x, and 
tase | 
on the particular function f(x) being considered. As x, takes values 


which approach x,, so the chord approaches the tangent at the 
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point with abscissa x,. The gradient of this tangent is then the 
value approached by (yz — y,)(%2 — 1) aS X2 takes values nearer and 
nearer to X,. 

An immediate application of the gradient of the tangent occurs in 
connection with space-time graphs. Just as the gradient of a chord 
on such a graph represents the average velocity in a certain time 
interval so the gradient of the tangent represents the velocity at a 
particular instant. 


Example 2. Find the gradient of the chord joining the points with 
abscissae 2 and x, on the curves (i) y = 1/x and (ii) y = 3/x?. What 
is the gradient of the tangents at the points with abscissa 2 on these 
two curves? 


@y=1x 
By (9.2) the gradient of the chord is 
i_! 
X, 2 2 — Xe —1 


X,—2 a 2Xo(X_ — 2) ~ 2X 
—1 
oe approaches the value 2, —1/2x, approaches the value z= 
=g which is the gradient of the tangent as required. 
(ii) By (9.2) the chord has gradient 
3 3 


x4 3(44—x3) 
X,—2 4x3(x, — 2) 


= 3(2 — X22 + X2) 


4x3(x_ — 2) 
= —3(2 + X2) 
4x} 
—3(2 
As xX approaches the value 2, =o approaches the value 
= 2 
io = ; which is the gradient of the tangent as required. 


Example 3. The distance s ft. of a particle (which moves along a fixed 

line X’OX) from the point O, after time ¢ sec is given by s = ¢ + 
1 ae 

Pa 1' Find its speed after 1 sec. 
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The average speed of the particle in the time interval 1 to ¢ sec 
is given by 


1 1 
+4 -(1 esl ees 2 





t—1 t—1 t—1 

2—-t—1 
a 
v 2(t + I(t — 1) 

=1—-— : ft/sec 
2(t + 1) 
As t approaches | this approaches the value 
ne 1 ~1_ 3 jsec 
2(1 + 1) 4 4 


The speed of the particle after 1 sec is thus ? ft/sec. 


Exercises 9b 


1. Plot the graph of the function 4A = f(x) obtained in question 1 
of Exercise 9a. From your graph determine the value of x which 
maximizes A. What is the maximum value of A? 

2. Plot the graphs of the functions y = 2x? — 4x —3 and y = 
x — 5 onthe same scale. Hence solve the equation 2x2 — 5x +2= 
0. Verify the correctness of your solutions. 

3. Plot on the same scale the graphs of the functions y = tan x 
and y = 1/x. Hence find an acute angle x so that x tanx = 1 (x 
measured in radians). 

4. Find the gradient of the chord joining the points with abscissae 
3 and x, on the curve y = x? -+ 5x. What is the gradient of the 
tangent to the curve at the point with abscissa 3? 

5. A particle moves so that the distance s ft. travelled after ¢ sec 
is given by s= 2+ St. Find the average speed of the particle 
during the 4th second and its speed after 3 seconds. 

6. Find the gradient of the chord joining the points with abscissae 
1 and x, on the curve y = (x + 1)?. Find the gradient of the tangent 
to the curve at the point with abscissa 1. 

7. Find the gradient of the tangent at the point with abscissa 1 
on the curve y = 3(x + 1)? — 2 ‘a 1). 

8. Verify by multiplication that x3 — x} = (x, — x1)(%3 + xx, + 
x}). Hence show that the gradient of the chord joining the two 
points with abscissae x, and x, on the curve y = x° is x3 + x4x_ + xf. 


178 





LIMITS AND LIMIT NOTATION 


What is the gradient of the chord joining the two points with abscissae 
x, = 1 and x, = (i) 2 (i) 1-1 (iii) 1-01 (jw) 1-00001? What is the 
gradient of the tangent to the curve at the point with abscissa (i) 1 
(ii) x? 

9. Show that the gradient of the chord joining the points with 


: 1, —1 : 
abscissae x, and x, on the curve y = 58s: Deduce the gradient 
142 


of the tangent at the point with abscissa (i) 1 (ii) x. 

10. A particle is dropped from the top of a tall tower. The 
distance s ft. fallen after t sec is given by s = 16¢?. Find its speed 
after 1 sec and after it has fallen 64 ft. 


9.4. LIMITS AND LIMIT NOTATION 


We have just seen that the gradient of the tangent at the point 
with abscissa x, on the curve y = f(x) is the value approached by 
(v2 — Yo/(%2 — x4) aS X_ takes values closer and closer to x, A 
notation has been developed which enables us to avoid rather 
cumbersome expressions like “x, takes values closer and closer to 
ye) 
Xe i xy 
is called the limiting value or the limit as x, tends to x, of this 
expression. This we abbreviate to 


bed 


x,”. This we write as x,->x,. The value approached by 


ie _ . of — fi 
Limit 22—! or Limit i) = 1G) 
mg7>%1 X_g — Xy wera. Xg — Xy 





.-. (9.3) 


which is read as the limit (or the value approached by) yt 


X_ — X4 
(ie. ee) as X. gets nearer and nearer to x, and this is the 
: ee | 
gradient of the tangent at the point with abscissa x,. 

It is convenient to use the values x and x + 6x for the abscissae of 
the end points of a chord instead of x, and x,. The symbol 6x(Delta x) 
represents the change or the increment in x and 6x — 0 is equivalent 
to X,—> x,. (Note dx is one symbol. It is not x multiplied by some 
quantity 6.) In the same way we use y and y + dy instead of y, 
and y. where dy represents the change or increment in y. The 
gradient of the chord joining the points with co-ordinates (x, y), 
(x + dx, y + dy), i.e. the average rate of change of the function is 
then 

y+éy—y_ f(x + dx)—f) _ dy (9.4) 
x + dx — x ox Ox 
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and the gradient of the tangent at the point with abscissa x is 
dy 


ye ec) ama) ee pet re ... (9.5) 


6270 x ba7+0 OX 


The limiting value of dy/dx is called the differential coefficient of y 
with respect to x and is denoted by the one symbol dy/dx. The 
process of finding this limiting value is called differentiation. The 
form of (9.5) will depend on the function f(x) and for this reason 
the differential coefficient of y with respect to x is sometimes called 
the derived function or the derivative of f(x) and may be written 


d ; 
re [f(x)] or f’(x). 


Thus we have the following equivalent expressions 


ay 4 yy = £0) = Limit + — 10) 
dx dx 6270 Ox 
aeamnit ... (9.6) 
62-0 OX 


f’(x) represents the rate of change of the function f(x) at the value 
x or the gradient of the tangent to the curve y = f(x) at the point 
with abscissa x. The gradient of the tangent at the point with 
abscissa a is f’(a) and is best obtained by substituting x = a in f’(x). 
It can of course be calculated by evaluating 


f(a + 6x) — f(a) 
6 


x 


Limit 
6270 
Example 1. Find the derivative of the function y = 3x? and the 


gradient of the tangent to the curve y = 3x? at the point with 
abscissa 3. 
2 2,2 
ernie ee 
6x70 bx 
2 
= Limit 6xdx + 3(dx) 


6270 xX 


= Limit (6x + 36x) 


6x20 
f’(x) = 6x 
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LIMITS AND LIMIT NOTATION 
Thus the gradient of the tangent at the point with abscissa 3 is just 
£3) =6 x 3 = 18 
This could have been calculated by evaluating 


2 2 
Limit 3(3 + dx)? —3 .3 
da->0 6x 


However exactly the same algebra would be used to evaluate this 
limit as in the general case and it is clear that once we have f’(x) = 6x, 
the rate of change of the function or the gradient of the tangent for 
any value of x is easily obtained without considering the limiting 
process again. 

It can happen that the derivative of a function although it is 
defined to the right or to the left of a particular point, is not defined 
at the point itself. The function y = f(x) = |x| whose graph was 
shown in Figure 9.3 is an example of this. For values of x < 0, 
f’(x) = —1, for values x > 0, f’(x) = 1 and for x = 0, f’(x) does 
not exist. 

The difficulty is fairly obvious geometrically. To the left of the 
value x == 0, the graph has gradient —1, and to the right its gradient 
is +1, but at the point where x = 0 the situation is ambiguous. In 
terms of the definition in terms of limits 


ra er ce Dera) 
bx 


exists and equals —1 
b2-0 
from the left 
This limit is often written 
. ., (6x) — f£(0 
Limit 02 =f _ 
5270- bx 


The limit from the right 


—1 


Limit f(6x) — £(0) = +1 
20+ Ox 
It is not possible, however, to discuss 
Limit fox) 10) = 10) 
6270 6x 


since as 6x approaches zero, we obtain one of the numbers —1 or 
+1 according as 6x is just less than or just greater than zero. The 
derivative f’(x) is in this case discontinuous at the point with 
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abscissa x = 0, although as we have mentioned f(x) itself is con- 
tinuous at this point. The graph of f’(x) is shown in Figure 9.6. 
There is no value of f’(x) when x = 0, not a possible two. 





Figure 9.6 


9.5. THE CALCULATION OF THE DERIVATIVE FOR 
SOME COMMON FUNCTIONS 


The process of calculating the derivative or differential coefficient 
is called differentiation. More specifically the process of calculating 
the derivative directly from (9.6) is called differentiation from first 
principles. The need for this phrase may puzzle our readers. For 
the time being we remark that in the next chapter we shall develop 
techniques which enable us to differentiate a function without having 
to deal directly with the expression (9.6). We shall, however, need 
certain standard results some of which we shall derive now. 

The Derivative of ax" where a is a Constant and nis a Positive Integer. 
If y = ax” 


y + dy = a(x + 6x)” 
which by the Binomial Theorem 


= al x" + nx" 6x + a x= "(6x)" Ee (x)"] 


by subtraction 


dy = anx™1 dx + sn x"-*(dx)? +... a(dx)” 


oy 


8Y = ange t 4 HD, 
Ox 


m26x +... a(dx)" 


PREP, : : ; 
Limit 2 = anx"— since all the other terms on the right contain 
3x0 ox 
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positive powers of dx which approach zero as 6x approaches zero. 
Thus for y = f(x) = ax” where a is a constant and n a positive 
integer 
dy = f'(x) = anx" esl ET) 
dx 


We have only proved this result for ” a positive integer, the proof for 
other values of 7 is deferred to the next chapter. 
The Derivative of sinx. If y = sin x 


y + dy = sin (x + dx) 


oy = sin (x + 6x) — sin x 





= 2 cos (x + | sin ax by (6.50) 
2 2 
2 cos (x + *) ae 
oy 2 
bx Ox 
. Ox 
oy sin > 
= COS (x + *) ox 
2 
. Ox 
d 5 iy 
Lf Limit == Limit cos (x + ) — 
dx é270 OX ba 2 Ox 
2 
. Ox 
5 sin > 
= Limit cos (x + 2) Limit 
5240 2/ sa70 Ox 
2 


We have assumed the result that the limit of a product is the pro- 
duct of the two limits (The proof of this apparently obvious result is 


beyond the scope of this course). 

. Ox 

5 sin — 
The Limit cos (x +f =) = cos x and for Limit 

éa>0 2 be0 OX 

2 
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we obtain the value 1. [Refer to (6.59) and sequel to (6.60).] 


dy 


—=cosx x l 
dx 
Thus if y = sin x 
dy = Cos x ... (9.8) 
dx 


The Derivative of cosx. If y == cos x 


dy = cos (x + 6x) — cos x 


= —2sin (x + ) sin ox by (6.50) 
2 2 

. Ox 
d 6 5 sin a 
oY Limit 2 Limit — sin (x + 2) _—_—— 
dx x70 OX 6270 2 6x 

2 

wy es —sin x .. + (9.9) 
dx 


Example 1. Differentiate from first principles y = x? + 3x. 
y + dy = (x + dx)? + 3(x + 6x) 
dy = (x + dx)® + 3(x + 6x) — x? — 3x 
= 2x dx + (dx)? + 36x 


8Y ox 43 4 8x 
bx 


dy = Limit 22 = 2x +3 
dx 6270 OX 


We note that the differential coefficient of the sum of the two functions 
x° and 3x is just the sum of their separate differential coefficients, a 
result which we shall prove to be true quite generally, in the next 
chapter. 
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Example 2. Differentiate from first principles sin 3x. If y = sin 3x 


dy = sin 3(x + 6x) — sin 3x 


. 36x 
3 dx — cs 
y 
— = 20s (3x ) 
+ 2 6x 
.. 3 6x 
3 6x cs 
y 
2 = 3 cos (3x + 228) 
3x cos ( Xx + 5 3 ox 
2 
36 6 
(N.B. We adjust the final part of the expression sin >= ( sy) to 
be of the form sin 6/6 which tends to 1 as 9 0.) 
. 3 6x 
d 3 dx = co 
CY _. Limit 3 cos (3. + 52x) _—_—_— 
dx 6x0 2 3 6x 
2 


= 3 cos 3x x 1 = 3 cos 3x 


Exercises 9c 


(x + oy 


1. By considering Limit , Show that the derivative 


éx—>0 
of the function y = f(x) = x3 is "(x) = 3x7, Evaluate f’(2) and 
check your results by calculating the appropriate limits. 
2. The function y = f(x) is defined as follows: y = —x? for 
x <0, y= 2x for x >0. Sketch the graph of y = f(x). Is f(x) 
continuous at x = 0? 


Evaluate Limit FQ + dx) — f() for x < 0, and for x > 0. 


62-0 Ox 
Evaluate Limit oto) and Lim t= = £(0) 
da 0— 6x rece 


Sketch the graph of f’(x). Is f’(x) eee a x=0? 
3. The function y = f(x) is defined as follows: y = —x? for 
x <0, y= x3 for x >0. Sketch the graph of y = f(x). Is f(x) 
continuous at x = 0? 
8x) — 
Evaluate Limit eo) = he) 


dz—0 x 


for x < 0 and for x > 0. 
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= f(0) aaah a f(0) 
62—0— 620+ 
Sketch the graph of f’(x). Is f’(x) continuous at x = 0? 

4, Differentiate from first principles: (i) 7x? (ii) x* — 2x* (iii) 
sin 2x (iv) cos 3x (v) sin x — x? 


Evaluate Limit 


] —2 
5. Show that the derivative of 3 is + and the derivative of 
1. —3 


=i a . (The two derivatives obtained here show that the result 
x 

dy : ree 
y=’, ace nx"—, which we have proved for n a positive integer 
is also true for n = —2 and n = —3.) 


EXERCISES 9 


1. An isosceles triangle is circumscribed about a circle of radius r. 
Express the area A of this triangle as a function of 0 one of the 
equal angles of this triangle. 

2. A right circular cone of semi-vertical angle 9 is circumscribed 
about a sphere of radius r. Show that the volume V of the cone is 
given by 

V = irr (1 + cosec 0)* tan? 0 


3. f(x) = x tan x. Evaluate f(0), f(1), f(—]). 

4. (x) = logy) x. Evaluate 4(10), 6(100). For what value of x 
is d(x) = —3? 

5. Express y explicitly as a function of x if (i) xy + 4x + y = 3 
(ii) x7 + xy + y? = 0. 

6. Express y explicitly as a function of x if x*ty + 3xy — 6x = 0 
and evaluate y when x = 1. 

7. y = f(x) is a quadratic function of x. If f(0) = —2, f(1) = —2 
and f(2) = 0 calculate f(x) explicitly and evaluate f(3). 

8. Find the gradient of the chord joining the points with abscissae 
x, and x, on the curve y = x® + 3x. Deduce an expression for the 
gradient of the chord joining the points with abscissae 1 and x and 
the gradient of the tangent at the point with abscissa 1. 

9. The distance s ft. travelled by a particle after ¢ sec is s = ¢? — t. 
Find the average speed of the particle in the time interval from 3 
to 3, sec. Find the speed of the particle after 3 sec. 

10. For what value of x is the tangent to the curve y = 2x? — 
8x + 3 parallel to the x-axis? 

11. Calculate the gradient of the curve y = x(x — 1)(x — 2) at 
each of the points where it crosses the axis of x. 
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12. The distance s ft. travelled by a particle after ¢ sec is given by 
s == ut-+ 4$at?. Show that the speed of the particle after time ¢ 
is v= u-+ at. What is the initial speed of the particle? What 
is the acceleration of the particle? 

13. Find the value of the constant a such that the tangent at the 
origin to the curve y = ax(1 — x) makes an angle of 60° with the 
x-axis. 

14. Differentiate from first principles (i) x? + x + 1 (di) 1/x‘. 

15. Differentiate from first principles (i) sin ax (ii) cos ax where a 
is a constant. 

16. Differentiate from first principles (i) tan x (ii) sin® x. (Hint: 
express sin? x in terms of cos 2x.) 

17. Show that the gradient of the chord joining the points with 
abscissae x and x + 6x on the curve y = ,/x can be expressed in the 


1 ore ; . 
form Jet bn + Vx . Deduce that the derivative of this function 
. ol 
18 2Jx . 


er : 1 dy -—1l 
18. Show from first principles that if y = Vx then dx 3S 
d 
These last two examples show that the result y = x", = = nx, 
proved for n a positive integer, is also true for nm = 4 and n = —}. 


19. If f(x) = log, x where a is a constant show that f(x,x,) = 
f(xy) + f(x). 

20. If f(x) = a® where a is a constant show that f(nx) = [f(x)]" 
where n is a positive integer. 
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10 
SOME TECHNIQUES OF DIFFERENTIATION 


10.1. INTRODUCTION 


IN the previous chapter we have shown how to calculate the 
derivative of a function by evaluating dy/dx and then calculating the 
limiting value of this quantity, as 6x approaches zero. This method 
was quite satisfactory for the simple functions considered. It could, 
however, be extremely laborious if we happened to be dealing with a 
rather complicated function. Fortunately it is possible to prove 
several general theorems, which, together with a knowledge of the 
derivatives of a comparatively few basic functions, enable us to 
differentiate most functions without having to use the method of 
differentiation from first principles. 


10.2. DIFFERENTIATION OF A CONSTANT 


If y = c, a constant, whatever the value of x, then y + dy =c, 
and so dy is identically zero. Hence dy/6x is identically zero, and so 
dy/dx its limiting value is also zero. 


If y=c, dy/dx = ... (10.1) 


The differential coefficient of a constant is zero. 
Geometrically, the graph of the function y = ¢ is a straight line 
parallel to the x-axis and so has zero gradient. 


10.3. DIFFERENTIATION OF THE SUM OR DIFFERENCE 
OF FUNCTIONS 


If y = u-+ v where u and v are both functions of x, then if x is 
increased to x + dx, u and v will change to u + du and v 4+ 6v 
respectively. Hence y will change to y + dy where 


ytoy=u+dou+tv+6v 


dy = Ou + dv 
OY x OW 100 
oe be bs 


DIFFERENTIATION OF THE SUM OR DIFFERENCE OF FUNCTIONS 
Thus for the limiting values as 6x > 0 


dy du. dv 
dx as ds 


(We have assumed that the limit of a sum is the sum of the limits). 
The above work could be carried out for the difference of two 
functions, y = u — v and the result 


obtained. Thus if y= u-+ 2, 


d du , dv 

8 Age i Me 

dx dx dx 
The differential coefficient of the sum or difference of two functions is 
the sum or difference of their differential coefficients. 


It is straight-forward to extend this result to deal with sums and 
differences of three or more functions. 


If u, v, w,... 8, t are all functions of x and 


... (10.2) 


y=utviewe...stt 
oy = du + dv+ dwt... +d6s+ ot 


by_ du, dv, dw, bs, ot 

Pee a Pas hacia Pack © 

dy du dv, dw ds , dt 
dso = =~ 4H — He 4H... rt ....(10.3 
on dx dx ae as és ( ) 


Example 1. Find the differential coefficient of x* — 7x? — 6x + 4. 
The differential coefficient of ax" is nax"-1. Thus (10.3) gives 


do. : do .¢ d 3 d d 
ee = bx Ayes — (7x8) — & +—(4 
dx & as si ) dx Oo Te a dx ex) a ) 


= 6x° — 21x? — 6 


Example 2. Find the derivative of cos x — sin x. 
(10.2) and the basic results for the derivatives of cos x and sin x 
give for the derivative — sin x — cos x. 
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10.4. DIFFERENTIATION OF A PRODUCT 


If y = uv where u and v are both functions of x, then if x is given 
the increment 6x, u, v and y will receive the increments du, dv and 
dy where 


dy = (u + du)(v + dv) — uv 
dy = udv + vdu + du dv 


OY eg URS tay Oe 
ox 6x 


bx 
yy dv 
Now as 6x approaches zero, dv approaches zero, and ox? Ox’ 
and ou tend to their limiting values oy 2 and a res meivele 
ox 8 dx’ dx’ dx **P y: 
Hence we u ee — .». (10.4) 


dx dx dx 


The differential coefficient of the product of two functions is equal to 
the first multiplied by the differential coefficient of the second plus 
the second multiplied by the differential coefficient of the first. 

In the particular case when one of the functions say u is a constant 


du : 
u=C, = 0 and so for y = cv where c is a constant and va 


function of x 
dy _ , dv 


... (10.5 
dx dx ( ) 


The differential coefficient of a constant multiple of a function is that 
same constant multiple of the differential coefficient of the function. 
(10.5) can be combined with (10.3) to give the result: if a, b,...¢ 


are constants and u, v,... w functions of x* and y = au + bv + 
...cw then 
dy du dv dw 
—=a— —+...0c— ... (10.6 
dx dx dx dx 09) 


The differential coefficient of the sum of constant multiples of a finite 
number of functions is the sum of the same constant multiples of the 
differential coefficients of these functions. 


* It is conventional to denote constants by the letters at the beginning of 
the alphabet and variables by letters near the end of the alphabet. 
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The result (10.4) can be extended to deal with the product of three 
or more functions. If y = uvw we may consider y as the product of 
the two functions (uv) and w. Thus by (10.4) 


dy_ dw, a 
io Gn 
dw (u® au) 
=uv— +w ) eee! — 
dx aa dx 
dw dv du 
= uv — + uw — + ow — 
a res dx 
In general if y= uow... 8 
dy ds dw dv du 
—= uw... +...u0...s—— tuw...s—+ow...s— 
x ae - i. rea dx 
.... (10.7) 


The differential coefficient of the product of any number of functions 
is obtained by differentiating each function in turn, multiplying by the 
remaining functions and summing the results. 


Example 1. Find the differential coefficient of (i) 6 sin x (ii) 8 cos x + 
3 sin x 


@. “eds Ss a= Seek ByGS) 
dx dx 
a ; d d,. 
(ii) — (8cos x + 3 sin x) = 8 — (cos x) + 3 — (sin x) 
dx dx dx 


= —8sinx + 3cosx by (10.6) 
d 
Example 2. Find = if (i) y = x® cos x (ii) y = sin? x 
(i) y = x cos x 
by (10.4) 
dy 6 d d 6 
— = x*— (cos cos x — (x 
dx Wd *) + ax‘ ) 
= —x® sin x + 6x* cos x 
= x°(6cos x — x sin x) 
(ii) y = sin? x = sin x sin x 
by (10.4) 
dy ; d,. . d_. 
— => sinx— (SiInx sin X ~—— (SIN X 
dx re dx ( MS dx ( ) 
= 2 sin x cos x 
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d 
Example 3. Find 2 if y = 6x? sin x cos x 
By (10.7) - 


dy 6x" sin x x (cos x) + 6x? cos x a (sin x) 
dx dx dx 


++ sin x cos x cs (6x”) 
dx 
= —6x"sin? x + 6x?cos’ x + 12x sin x cos x 
= 6x (cos? x — sin® x) + 12x sin x cos x 
= 6x* cos 2x -+ 6x sin 2x 
= 6x(sin 2x + x cos 2x) 


Exercises 10a 


Differentiate with respect to x 


. 1x5 — 3x4 + x?. 2. 8x3 — sin x + 6. 
. 6cosx — 8x? + x) «6-4. GF + DGt*St OD. 
. Sin x (1 — cos x). 6. x(3x + 4 cos x). 


. (x? + x + 1)(2x? + 3x + 1). 

. 8x? (1 + sin x)(1 + cos x). 

. xcosx + 3(x + I(x — 1). 

10. 4x? sin x — 3x? cos x. 

11. (x? + 1)? 12. (x? + 1)%2x + 1). 
13. (x? — 1)%. 14, 3x sin x cos x. 

15. 3x(x? + 1) sin x cos x. 


\o 00 ~3 Go 


10.5. DIFFERENTIATION OF A QUOTIENT 


If y = u/v where u and v are both functions of x, an increment 6x 
in x will result in increments du, dv and dy in u, v, and y respectively. 


_utou iu 


v+dév v 


= v(u + du) — u(v + dv) 
v(v + dv) 


éy 


__ vdu — udv 
v(v + dv) 
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iu, 2 
therefore by __ _0x Ox 
dx o(v + 6v) 


éu- du dv dv 
As dx —> 0, so dv > Oand = > TF > a 


_.. (10.8) 


The differential coefficient of the quotient of two functions is equal to 
the denominator multiplied by the differential coefficient of the 
numerator minus the numerator multiplied by the differential coefficient 
of the denominator all divided by the square of the denominator. 

In the case where u = 1, i.e. y = 1/v is the reciprocal of the 
function v, du/dx = 0 and so we have 


_ dv 
(1) dx 
—l|-} =— ....(10.9 
dx \v v 0.2) 


The differential coefficient of the reciprocal of a function is minus the 
differential coefficient of that function divided by the square of the 
function. 


Example 1. Find the derivative of 








‘ __x - ., — — Sinx oY Sere 
() oo Sod Gi) y x* + cos x Hi) y xP+4 
: x 
Se aes 
ay SFDEO—* EHD 
oy = EE By 08) 
x (x + 1)? 
_x+1l—x _ 1 





(e+)? «+0? 
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i sin x 

ii = 
Gi) y x? + cos x 

2 diz. : ds. 
(x* + cos x) — (sin x) — sin x — (x” + cos x) 
dy dx dx 
<> a ; ; by (10.8) 
dx (x° + cos x) 
__ (x? + cos x) cos x — sin x(2x — sin x) 
(x? + cos x)® 


__ x®cos x + cos*x — 2x sin x + sin® x 


(x? + cos x)? 


ek + x(x cos x — 2 sin x) 


(since sin? x + cos? x = 1) 
(x? + cos x)” 





ms 1 
Ut = 
(iii) y re 


dy _—2x 


dx (x? + 4)? 





by (10.9) 


Example 2. Find 
du. .~8cosd 6 cos 0 
wl“-Oo73 | GFisno 


» ._ 9cosé 
Oe 643 
d d 
d rie) ag OnE cont Oh) 
2S = by (10.8) 


dé (6 + 39 
* (8 + 3)(cos 0 — 4 sin 0) — 0 cos 6 (1) 
(6 + 3)? 
_ 3cos 6 — (9 +- 3)6 sin 6 
(6 + 3) 
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Boh 6 cos 8 
C=) sind 


d d : 
7] in 6 — — Acos 6— [(0 
du _‘ a ain =, @ cost) cos 46 [(@ + 1) sin 6] 
6 (6 + 1)?sin?0 
(6 + 1) sin 6 (cos 6 — @sin 6) 
— 6cos 6[(6 + 1) cos 6 + sin 6] 
(6 + 1)? sin? 6 


(6 + 1) sin 6 cos 6 — 0(0 + 1)sin?9 7 
— 6(6 + 1) cos” 6 — 6 sin 0 cos 6 
(6 + 1)’sin? 6 


__ sin 8 cos 6 — 6(6 + 1) 
(0 + 1)? sin? 6 











, 2 
Example 3. Find the gradient of the tangent to the curve y = 24 
at the point with abscissa 1. dy ahad 
We first find the general expression for 7 f(x) with y= 
x2 
f(x) = —~_ 
O)= 3 | 
d : 24 1)2x — x”. 2x 2x 
oa = f'(x) = Got Dex — x De ~ 2 2 
dx (x* + 1) (x* +) 
21 
4 1 Sead 
LO a= 5 
the gradient of the tangent is 4. 
Exercises 10b 
Differentiate with respect to x: 
aes, 2,-—~—. 
x+1 x + sin x 
x + sin x 4 1 
“1+ cosx’ "sin x 
a, ane 
1 +cosx (x + 1) 


SOME TECHNIQUES OF DIFFERENTIATION 


7 x sin x x8 + 3x 
“ cosx + sinx’ (x + 1x +2) 
x* sin x 10 x 
(+)? = 1° "(% + DY + 2) + 3)’ 
W sin? x b x(x +1) 
” cos x (cos x + sin x) "(x% + 2)(x + 3) 
13. Find the gradient of the tangent to the curve w = Bo tt the 
point with abscissa 3. ri , 


14, Find the gradient of the tangent to the curve v = Sense 


at the point where 0 = ; : 

15. Find the gradient of the tangent to the curve y = = ya 3t the 
point with abscissa 2. At what points on the curve is the tangent to 
the curve parallel to the line y = 3x + 7? 


10.6. DIFFERENTIATION OF THE TRIGONOMETRIC 
FUNCTIONS 


The results of the preceding section enable us to obtain the 
derivatives of the remaining four basic trigonometric functions: 
viz. tanx, cot x, secx and cosec x. We already have the results 

: d dy : 
that if y = sin x, x = cos x, and if y = cos x, = ax = Sin x. Thus 
for y = tan x = sin x/cos x 


dy _cosx.cos x — sin x(—sin x) 


dx cos” x py ane 
_ cos*x +sin?x 1 
cos” x cos® x 
< (tan x) = sec” x ...-(10.10) 
x 
cos x , hod 
y=cotx= aux treated in just the same way. 
dy  —sin®x—cos’x  —1 
By (10.8 = = 
vues) dx sin? x sin? x 
7 (cot x) = —cosec” x ....(10.11) 
x 
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SECOND AND HIGHER DERIVATIVES 


The derivatives of sec x and cosec x are obtained by treating them 
as the reciprocals of cos x and sin x respectively and using (10.9). 








Thus < (sec x) = ¢ ( | 
dx dx \cos x 
_ (sin x) _ 1 sinx 
cos” x cos x cos x 
oes x) = sec x tan x ... (10,12) 
dx 


We leave it to our readers to show that 
. (cosec x) = —cosec x cot x ....(10.13) 
x 


(N.B. Of the six basic trigonometric functions those which begin 
with “‘co’’ have a negative sign in their derivatives.) 


10.7. SECOND AND HIGHER DERIVATIVES 


If y = f(x) is a function of x then in general the derivative 
dy/dx = f'(x) will be some other function of x. The derivative 
expresses the rate of change of f(x) with respect to x, as a function of 
x. We might well enquire what is the rate of change of this derivative 
with respect to x, i.e. calculate the differential coefficient of dy/dx 
or f’(x). 

An immediate application of this situation arises if we are dealing 
with a space-time graph, s = f(t). Then ds/d¢t represents the velocity 
of the body at any time ¢, and the rate of change of ds/d?, the 
acceleration of the body. 

The derivative of dy/dx is called the second derivative or the 
second differential coefficient of y with respect to x and is written 
d?y/dx®, d?y/dx* will in general be a function of x and so may be 
differentiated to form the third differential coefficient of y with 
respect to x, or the third derivative of y which is denoted by d*y/dx°, 
and so on. The nth differential coefficient of y with respect to x is 
denoted by d"y/dx". If the notation f(x) is used, the first, second, 
third... nth derivatives are denoted by f’(x), f’(x), f"(x)... £%(). 

In general the process of calculating the nth derivative of a 
function is a tedious business and can only be achieved by calculating 
the successive derivatives in turn. It is generally worth while to 
consider briefly whether it is possible to simplify the function 
dy/dx before calculating d?y/dx? and in turn to try to simplify this 
before calculating d°y/dx? etc. 
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SOME TECHNIQUES OF DIFFERENTIATION 


d? dé 
Example 1. If y = sin x show that a =-y, a =). 
y=sinx 
ae Cos x 
x 
2 
= = —sinx = —y as required 
x 
3 
~~ = —COs x 
x 
dty 


—| = —(—sin x) = sinx = y as required 
dx 
E. le 2. Find th d derivative of sige 
xample 2. Find the second derivative o 0 geet lS soak perterory 

dy ; (1 + cos 6) cos 6 — sin 6(—sin 6) 
SO) SS 
d6 (1 + cos 4) 

__ cos’ 6 + cos 6 + sin? 6 

(1 + cos 6)? 
___1+cosé = 1 
(1 -+cos#) 1+ cosé 
dy 9 (—sin 6) sin 0 


d2 
Example 3. If y = tan 0 show that i = 2y (1 + yp). 
y = tand 


oy sci sec 6. sec 0 
dé 


2 
By (10.4) one sec 0. sec 6 tan 6 + sec 6. sec 9 tan 6 


dé? 
= 2 tan 6 sec’* 6 
= 2 tan O(1 + tan? 4) 
d®y 
£Y _ awit + y? 
ms yl + y*) 
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DIFFERENTIATION OF A FUNCTION OF A FUNCTION 
Exercises 10c 
Differentiate with respect to x 


1. sec x + tan x. 2. sec x tan x. 3. cos x cot x. 
4. sec? x + tan x. 5. sec? x + tan? x. 
6. (cos x + sin x)(sec x + tan x). 
sec x sec x 1 — tanx 
* sin x +- cos x” “1+secx’ "1+ tanx’ 


10. A particle moves so that the distance s ft. travelled after t 
sec is given by s=f(¢). Find expressions for the velocity and 
acceleration of the particle after time ¢ sec, and the velocity and 
acceleration after 1 sec if (i) s = 4t? — 3¢ and (ii) s = cos 2mt + 
sin 2rt. 

2 
11. Find ~ if (2) y = cos? x (ii) y = est kee 
x 1 — sinx d 
12. If y = 6” where n is a positive integer show that (i) 8 oY = ny 
any ga oY - 
and (ii) 6? ag2 = n(n — ly. 


13. If y = u" where n is a positive integer show that oy =n!, 
d? 
14. If y = sec 6 show that ie = y(2y? — 1). 


15. If y = sin x show that 
~ dy ; ( z) 
— =sin{x +— 

Oy ae +5 
ae d*y P 7 
(ii) rr) = sin (« +22) 
wy ay 7 
(iii) 12° sin (x +3 5) 
: dy 
What is the value of ==, ? 
dx 


10.8. DIFFERENTIATION OF A FUNCTION OF A 
FUNCTION 


The function y = (2x + 1)* is a function of 2x + 1 which in turn 
is a function of x. More specifically y is the cube of the function 
- 2x + 1. We say that y is a function of a function in this case. As a 
second example consider the function sin x*; y is the sine of the 
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function x?, and so is another example of a function of a function. 
Functions of this type frequently occur in mathematics and in this 
section we shall develop rules for evaluating their derivatives. In 
general a function of a function is expressible as follows: y is a 
function of some quantity which in turn is a function of x. In 
symbols 
y=F(v) where v = f(x) 


=(2x+18; y= where v=2x+1 
y=sinx®; y=sinv where v= x? 


The general rule for differentiating a function of a function can 
be obtained as follows. 

If y = F(v) where v = f(x), then if x is given the increment dx, 
v will be given the increment 6v [since v = f(x)] which in turn 
generates the increment dy in y [since y = F(v)]. It is convenient 


. oy, oy vii.4. ‘ : 
to write ax in the form 30 x ea which is possible provided dv + 0. 
Then 


dy = Limit — ay = Limit + dy ee 
dx b2>0 OX 620 ro x 


= Limit oy x imi” 
ba0 OD 6270 OX 


(We have again used the result mentioned earlier, viz. the limit of a 
product is the product of the limits.) 
Now as 6x — 0, dv > 0 so the first term of the above is equivalent 


Oy, dy 
to pas 3p? be a 
—= Se ... (10.14) 


We shall apply this rule to the two examples already considered. 
Thus for y = (2x + 1)? = v3 where v = 2x + 1 


Syn 30’, ae Ls5 
dv dx 
e 3v? x 2 = 6(2x + 1)? 
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We can verify this particular result by writing 


y = (2x + Dx + Dx + 1) 
and using (10.7). In this way we obtain 


dy _ ox + tax ty tax +1?Lx 40 
dx dx dx 


+x +12Lex +41) 
dx 


= 3(2x + 1)? x 2=6(2x +1)? as before 
For y = sin x? = sin v where v = x? 








oY 60 vn, S=2x 
dv dx 
Sa 2x cos x* 
dx 
dy Sox ua SR pes ae 
Example 1. Find dx when (i) y = (3x? — 4)* (ii) y = (: an ) : 
(i) y = (3x2 — 4)* = vt where v = 3x? — 4 
dy = 40°, do = 6x 
dv dx 
dY _ 4(3x* — 4)* x 6x = 24x(3x? — 4) 
dx 
2 —— 
(ii) y= (=) =v" where » =~ 
d d 
(x+1)—@-D-@-DYN—C+D) 
agg, Sao 
=i > —— 2 
dv dx («+ 1) by (10.8) 
_~@+)-G@—) 
Gy 
en ee 
(x + 1)° 
dy 2x —1) 2 A(x — 1) 
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Example 2. Find (i) < [sin (4x? + 3x)] (ii) S (sec? 46). 
(i) Let v = 4x? + 3x. Then 


< [sin (4% + 3x)] = re Gane <. (sini v) x . 
= cos v(8x + 3) 
== (8x + 3) cos (4x? + 3x) 
(ii) With y = sec? 40, y = v? where v = sec 46 


dy _ dy do_ 4, dv 
d6 dv dé dd 


ris still a function of a function; v = sec u where u = 48. 


dv dv du 
—=—.—=secutanu x 4 
dé du dé 

dy 


oe x sec 49 tan 40 x 4 


= 8 sec? 46 tan 40 


We have here an example of a function of a function of a function. 

y isa function of v, which in turn is a function of u which is a function 

of 6. The extension of (10.14) which enables us to deal with this 
situation is 

dy _ dy, do. du 

d@ dv du dé 

Our readers will find as they gain experience that they do not need 


to introduce the auxiliary variables v or u specifically. However, at 
first it is probably wise (even at the cost of a little time) to use them. 


... (10.15) 


Exercises 10d 
Differentiate with respect to x 


1. (x — 1). 2. (2x — 1)°. 3. (2x — 3x). 
4. (x? + 2x + 1 5. sec 3x. 6. tan 5x. 
7. x sin 4x. 8. x? cos 3x. 9. sin® x. 
10. sin x3. 11. sec (3x? + 1). 12. tan? (3x — 4). 
13. sin? (x? + 1). 14. (x + Dx — 1)4. 
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15. sin’ x tan 2x. 16. (1 + sin? x)(1 — sin? x). 
cosx ¥ 1 — x? 
(TFs) (FES) sin2x_ 
19. (1 — cos* x)(1 + cos? x). 20. (ea) 
init x 1 + cos 2x 
21 22. sec? (tan? 3x). 


"2+ sin? x’ 

23. Find du/d@ if u= (i) sin” 0 (ii) cos” 6 (iii) sin” 6 cos™ 0 
where m and n are positive integers. 

24. If y = sin m@ show that d®y/d6? + m?y = 0. 

25. y = (sec 9 + tan 6)” where n is a positive integer. Show that 
dy/d@ = ny sec 0. 


10.9. THE DERIVATIVE OF x" WHERE 7 IS 
NEGATIVE OR A FRACTION 


In the previous chapter we saw that if n is a positive integer then 
the derivative of x” is nx". We shall show this result to be true for 
all values of n. 

(i) If n is a negative integer, let n = —m so that m is a positive 
integer. Then if y = x”, we have 


ee | 
y =X = lens 
x 
m—1 
by Gos), “Sane x mx 
dx P ae 


=nx"™ (since —m = n) 
d pin nto eae 
Thus ax (x") = nx if n is any integer 
x 


(ii) If n is a fraction, let n = p/q where p and gq are integers (not 
necessarily positive). Then 


y= xP/d = (x1/9)P 
With x1/? = u, y = u? where x = u% so that 


dy pl dx q-l - 
—= pu and — = qu by (i 
i Pp i q y ( ) 
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These two results enable us to obtain dy/dx, for, by the rule for 
differentiating a function of a function 


dy _ dy dx 
du dx du 
pu? — dy x que 
dx 
dy ues Pp urd = P (x/a?-4 
dx 4q 
dy — Dp xPla-t 
dx 4q 
=nx"! — sincen = p/q 
Thus for all values of a 
d n nl 
— (x") = nx ... (10.16) 


dx 


Example 1. Find (i) = (/x) (ii) = =) 


: d 1/2 x2 1 
(i) ae G/x) = AG = ; ~ ods 
4 afl) 4-4 x4 

(ii) £(4) aS (x~*) 4x rz: 





4 COS eee Oe Ome er ae x 
Example 2. Find 3°, when @y= (x -3) doy= NF 


ceili dala 


) 


=2v and . == 2x — (2)(—2)x7* = 2x +4 = 
x 
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x 
ii) y= ./v = vl? ae 
(ii) y = fv = v!? where v is 
dy 1 ve 1 1 and 2 Sts 1 1 
v2 an (x + 19° (x + 1)? 








1 1 
alr + xj? “38, x(1 + xj? 
Exercises 10e 

Find dy/dx when y = 


1. x3/2, 2. Wx. 3. (¥/x)?. 

32 
4. ( = 3) . 5. ara 6. JQx — x). 
7. (x? + 138, 8. 1/2 + 1. 


9. (1+ x)/(l — x). 10. f/x + x)*% LL. sec ./x. 
x—l 
12. ./sec x. 13. Ja +sinx). 14. J) . 
15 1+ cos x x+ 
° JG — cos 4 : 


10.10. DIFFERENTIATION OF INVERSE FUNCTIONS 


We have already encountered in Chapter 6 the inverse trigono- 
metric functions y = sin“! x, y = cos! x, y = tan x etc. (which 
mean x = sin y, x = cos y, x = tan y respectively). These functions 
do not fall into any of the categories (product, quotient) so far 
considered in this chapter and we shall develop a new technique in 
order to calculate their derivatives. 

This we shall do for the general inverse function and then apply 
the technique to the inverse trigonometric functions. It is important 
to realize that the notion of an inverse function is not confined to the 
trigonometric functions. In general if y = f(x) then the value of x 
will depend on the value of y and so x is a function of y; x = g(y), 
the inverse function to f(x). (E.g. if y = x? then x = ./y, and the 
square root function is the inverse to the square function; if y = 
sin x, then x = sin y and the inverse sine function is the inverse 
to the sine function.) 

Thus in general, if y = f(x), x = g(y) and we shall show how to 
find the derivative dx/dy of g(y) in terms of the derivative dy/dx of 
f(x). 
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We may regard y = f(x) where x = g(y) as being a function of a 
function. Thus on eee with respect to y we obtain 


£9) 2 = Ge »1.F by (10.14) 
dy 
= dx 
dx’ dy 
dy _ [se oe dx _ [dy -.. (10.17) 
dx dy dy dx 





Figure 10.1 


Geometrically if we draw the graph of y = f(x) then at the same 
time we draw the graph of x = g(y) (Figure 10.1). 

If PT is the tangent at any point P on this curve and PT makes an 
angle y with the positive direction of the x-axis and an angle ¢ 
with the positive direction of the y-axis, then: 


dy dx 
—=tany; — = tan 
dx way ¢ 


But since $ = 5 — y, tand = coty ene 
x dy 

=1/=— as before 
dx 


(N.B. This result is only true for the first derivative.) 
We shall now apply the general result (10.17) to the inverse 
trigonometric functions. 
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If y = tan? 
re x=tany 
x 2 
— = sec 
dy 7 
=1-+tan’y 
=14+? 
a1 — : .. (10.18) 
x y x 
If y = sin x, . 
x = sin y 
CF eeay 
dy 
= /(1 — sin’ y) 
= /(1 — x’) 
dy 1 
dx /(— x) «++ .(10.19) 


Ify=cos?x, x=cosy 


OX sin y = —Y(1 — cos" y) = —Y — x9) 


dy 
) eee 
eee ... (10.20) 


N.B. The results (10.19), (10.20) are in accordance with our con- 
vention regarding the square root sign and principal values of the 
inverse trigonometric functions. Reference to Figure 6.19 and 6.20 
shows that the gradient of y = sin-! x is everywhere positive and 
the gradient of cos— x is everywhere negative. 


d 
Example 1. Find ax (sec x). 
If y = sec 
y = sec} x, edeoy 


dx 
—=secytany 
dy 


= sec y,/(sec” y — 1) 


= x,/(x* — 1) 
d(sec*x)__ dy _ 1 
dx dx x/(x®— 1) 
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Example 2. Find 2 a6 4 if () u = sin 36 (ii) u = tan“ (368). 


(i) u= sin 4p = pee v where v = 30 











du_du dvd 
do dv dé Jd — 2°) — v*) 
ee eens 
Jl = 96%) 
(ii) u = tan— (36°) = tan~) v where v = 368 
du _du do__1 2 
d@ dv d@ 1+. 
_ 90? 
1 + 96° 
2 
Example 3. Find SI sin-*(# = )| 
dx 1+x° 
1 — x? 1 — x? 
= sin! {| ——_—- = sin! Se 
Let y = sin (; + | sin~ u where u Ty! 
dy _dy du _ 1 (1 +x°)(—2x) — (1 — x?)(2x) 
dx dudx J/(1—u®) (1 + x)? 
1 —4x 





~ Vit—- a — 0 $2) $3 
_ 4x (1 + x?)? 
~ (1 + x)? s r| la +x —(1— =f 
se SG Ue) 8 
(i +x’)? 2x (1 +x’) 
Exercises 10f 











d —1 
a es 
1. Show that 5 (cot x) Tp: 
ee, 
xO? — 1)’ 
3. Use the eats ore in this section to show that if 


dy 
= 4/x (i.e. x = y*) then = =a: 


2. Show that — x (cosec™ x)= 
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4, Show that if y = x, then 22 by the method of this 


section. y a 3x sam 
Find ax ify = 
5. sin7! x?, 6. cos} 6x. 7, tan-4 (x + 1). 
8. sec! x2, 9. tan7) x?. 10. x sin x. 
1—x 
cacy | SO 
11. sin G a *). 


1 
12. tan= (; cs *). (Can you explain this result ?) 





13. Show that if a is a constant 


0 Shwe (eats 


© dle ))-zats, 


14. Show that S02 tan-! 9) = é (tn (=e) Why are 
the two results a 
15. If y = /(1 — 6) sin 6 show that (1 — gx Y = =1—— 
Oy. 


10.11. DIFFERENTIATION OF IMPLICIT FUNCTIONS 


The rules which we have established in this chapter have been 
applied thus far only to explicit functions. In this section we shall 
develop the techniques necessary for the differentiation of implicit 
functions. 

Suppose for example that y is defined as an implicit function of x 
by the equation 

e+ y= 


We differentiate each term of the equation above with respect to x 
and so obtain 


£0) +5 2-0 


4 (yt) 42x =0 
dx 
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Now y? is a function of y which is itself a function of x. Thus by 


10.14 
(10.14) ay dy 
—_— — y — 
dx dx 
cs a 
y 
In this particular example it is possible to express y explicitly 
in terms of x; y = /(1 — x), ie. y = ul/? where u = | — x? 


d, 2 es 2 
a) = ay? 


ay ov +2x =0 so that 
x 


en ae eee Cs, 
dx du dx 2,/u 
—x —x 
== as before 
Jusy 


Generally however, when it is not possible to express y explicitly 
in terms of u we shall have to use the first method. 


Example 1. Find dy/dx if x? + y? + sin y = 3. 
We have on differentiating the equation with respect to x, 


2x + < (") +S Gin y) =0 
2 dy 
ae Oe ae = in =0 


i 
2x +2 oan a6 —=0 
md yx 


ee ee 
dx 2y + cosy 


Example 2. Find dy/dx and d*y/dx? if x + y + sin y = 3. 
On differentiating the eee? above with respect to x, we obtain 


1+2 ¥ 4S (iny) =0 


i -+ cos y)=0 
dx 


dy _ —1 
dx 1-+cosy 
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To find d?y/dx* we differentiate this expression with respect to x. 


ela) seas) ae 
dx? dx\dx dx \1 + cos y dy\1 + cos y/dx 


d’y —1[(—1)( —sin yy —1 sin y 


dx? (1. + cos y)? - +cosy (1+ cosy) 
Alternatively we may find d*y/dx? by differentiating with respect to 
x the equation 1 + 4 + 2 cos y = 0 which we obtained earlier. 
In this way we obtain 


sat (Zoos) 
0o+-— cos 
ee ie y 


I 


0 


d*y . dy y 
att ay"  £ (eos y) + cos y £(2) - 0 by (10.4) 
d*y | dy d?y 
—_— cos & cos y = 0 
dx? dx’ dy os) ee pores ada 

d? y ty d® u 

—- — sin cos y— = 0 

ee at 

(2) 
dty_ Nae) sin a erore 


dx? 1+cosy (1+ cosy) 


(si dy —1 ) 
since —- = ————— }. 
dx 1-+cosy 


Example 3. Find dy/dx and d?y/dx? at the point (1,1) on the curve 
x3 + y8 = 2, 
On differentiating the equation with respect to x we have 


3x* + 2(y) =0 
dx 
2 d 3, dy 
—_ .—=0 
Tag? ae 
2dy . 
3x? sere =0 wee (i) 
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d 3d 
Thus when x = 1, y = 1, 5 is such that 3+ —* =0 


dy 


=-—1 at the point (1, 1) 
dx 


If we differentiate (i) with respect to x we obtain 


6x + S (3,8 a) =0 
dx 


dx 
d*y dy d 
6 By? 3y*) = 0 by (10.4 
x ea ae ee. ) y (10.4) 
d’y dy dy 
6x +3y?—— + ~ .6y = =0 
Vag as are 
2 
Now when x = 1, y= 1, By es —1 and so the value ote at this 
y dx dx? 


point is such that 


3d*y 
6+~-~-+6=0 
+ dx? + 


—_=-—4 at the point (1, 1) 


Thus we see that nothing new in the way of differentiation is 
involved in applying these techniques. Care must be taken, however, 
to apply the function of a function rule when differentiating a 
quantity which involves y or its derivatives, with respect to x. 


Exercises 10g 
oe dy/dx when: 


. x+y + cosx + cosy = 2. 

-xy+siny = 1. 

x-+y+ sin xy = 2. 

. Find dy/dx at the point (1,1) if x? + y? 7 xy = 3. 

. Find dy/dx and d*y/dx? if 3xy + x? + y? = 5. 

. Find dy/dx and diy/dx? at the origin on the curve x? + y? + 
x+ 3y=0, 


WHONIAARWNE 
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10. Find dy/dx and d?y/dx? at the point (1,1) on the curve 
3x? -+ 22+ xy+x—7=0. 


10.12. DIFFERENTIATION FROM PARAMETRIC 
EQUATIONS 


It is often convenient to define y as a function of x by expressing 
both y and x in terms of a third variable ¢, known as a parameter. 
(See sections 20.5, 20.9, 20.13 and 20.17.) 

Thus in general y = f(), x = A(t) defines y as a function of x. 
This follows since y is a function of ¢ which in turn is a function of x. 
By eliminating ¢ from the two relationships above, we can obtain 
y as a function of x. (See section 1.5.) 

Thus if y = ¢#, x = 1/t, we have, since t = 1/x, y = 1/x®. Some- 
times it will be difficult or even impossible to carry out this elimina- 
tion although it is always true that y is a function of x since the 
value of y will depend on x. In such cases the differential coefficient 
of y with respect to x can be obtained by regarding y as being a 
function of a function; y is a function of t and ¢ is a function of x. 
Thus 


dy _ dy dt 
dx dt dx 
ay eye (10.21) 
dx dt/ dt 


Example 1. Find dy/dx when (i) y = t?, x = I/t, (ii) y = sin 8 
x = cos 6. 


(i) By (10.21) OV es 20 tes 58 
x I? 
(ii) By (10.21) OY = 008 Oo . = eaeg 
dx —sin 0 


Example 2. Find dy/dx and d*y/dx? in terms of ¢ when y = 22, 
x= 1, 


dys (a) ss o (a) dt 
dx? dx\dx/ — dt\dx/ "dx 
2 
dy (22) dx (10.22) 
(This result is true generally.) 
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d’y (2) / —1 tl 
—* = —(-)} /2¢ = —/2t = — 
dx? = dt\t t? 28 


Example 3. Find dy/dx and d®y/dx* at the point with abscissa | 
on the curve y = 1/t, x = 22. 
The point with abscissa 1 corresponds to t = } 


Exercises 10h 


Find dy/dx in terms of the parameter when: 





ey ak se Ae 2. y = 2sin 0, x = 3 cos 0. 

3. y = cos 4t, x = sin 2¢. 4. y= cost, x = rsint. 

5. y= e Se, epee eS : F 
1+t° 1+t 1+?" i+f 

Find dy/dx and d*y/dx? in terms of ¢ when 

Ly= a het pees: 





re t? 

9. Ifx = t8 + tand y = 2¢? find dy/dx in terms of t and show that 
when dy/dx = 1, x = 2 or x = 34. 

10. The position of a projectile referred to horizontal and vertical 
axes is given by x = 8f, y = 40¢ — 167? after time ¢ sec. Find at 
what times the projectile is moving (i) horizontally (ii) at an angle 
of 45° to the horizontal. 


10.13. LIST OF STANDARD FORMS 


The rules of differentiation and the differential coefficients of 
the important basic functions are listed below. They should be 


214 


EXERCISES 


memorized. u, v, w are functions of x; a, b...c are constants. 


d du dv dw 
—(au+bu+...cw)=a—+b—4+...¢—- 
is e my dx dx - dx 
d dv du 
— (uv) = u— — 
ax! ) dx se dx 
dv du 
— (uow) = uv — — w— 
q (uow) = uv — + uw ag +o re 
du dv 
<(#) dx dx 
dx \v v* 
dy _dy du 
dx du dx 
dx _, /ay 
dy dx 
d n n—1 
—— (x") = nx 
aS ) 
d.. d 
— (sin x) = cos x — (sec x) = sec x tan x 
x dx 
d . d 
— (cos x) = —sin x — (cosec x) = —cosec x cot x 
dx dx 
a (tan x) = sec? x fc (cot x) = —cosec” x 
dx dx 
— (sin™ x) = ——— — (tan ==: 
a Ja — x’) i ee 
dy _ dy /dx 
dx dt/ dt 


EXERCISES 10 
1. Find) (ax — yx? 42) G4 a? — 48 4 4%, 
dx dt 
2. Find (i) 7 [((x® + x)(3x? + x)] w< [sec 9 (1 + cot 6)]. 
x 
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cy Find () (= 2 -) (i a(S =), 
4. Find the derivatives of the following functions (i) x 
1+ Ep 1+ x 
Gi) T= 
5. Find “46/1 when (i) 6 = sin ?¢ sin 3t (ii) 6 = ¢? sin ¢. 
(L.U., part) 
(x — I) — 2) 


6. Differentiate with respect to x jee ae + i (ii) Give 2)" 
7. Find dy/dt when (i) y = cost cos S¢ (ii) y = t tan ¢. 
8. Find the derivatives of the following functions: (i) sin’ x 
(ii) sec? x. 
9, Find du/d0 if () u = sec? 66 (ii) u = cot? 0?. 
10. Find (i) d/d@ (0 sec 6 tan 0) (ii) d/dx (x sin x cos 2x). 
11. Find dy/dx when (i) y = sin 1/x (ii) y = {[sin (1/x)]/x}. 


12. Find (2) £ (a) (ii) ‘ (sin ¢). 
13. Differentiate with respect to 6 (i) sin- /(1 — 6%) 
(ii) tan 6 
14. Find dy/dx when (i) y = sin} (tan x) (ii) y = tan (sin x). 


15. Find () [eos a—-2) WwW fh cor( +) |. 


1] — +2 
16. Differentiate with respect to x (i) cos 1/x? (ii) cos ( S ): 


1 + x? 
17. If y = tan x show that d?y/dx* = 2y + 2y%. 
18. If y = cot? @ show that d#y/d6? = 2(1 + y)(1 + 3y). 
19. If y = tan x + } tan? x prove that dy/dx = (1 + tan? x)’. 


2 
20. Find dy/dx when (i) y = tan“? (=) 
(ii) y = sin~! (2x — 5). ee 

21. Find dy/dx when (i) y = x" tannx (ii) y = tan (sin x/2). 

22. If y is a function of x find the derivative with respect to x of 
(i) xy? (ii) x/y (iii) y/x (iv) sin? y. 

23. Find dy/dx when (i) x8 + y® — 3xy + 1 = O(ii) x8 — 2x2y? + 

24, Find dy/dx when (i) y? + x? = 6x+ 4y +1 @) += 
3(x + y). 

25. (i) If sin y = tan x, find dy/dx in terms of x. (i) If x? + 
y® = 3axy, find dy/dx in terms of x and y, and prove that dy/dx 
cannot be equal to —1 for finite values of x and y, unless x = y. 

(S.U.J.B.) 
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26. Find the slope of the tangent to the curve yx — 3x?y? + 
x3 — 2x = 0 at the point where x = 2, y = 1. 

27. Find dy/dx and d*y/dx® at the origin on the curve x*y + 
pox = xy + y. 

28. Find dy/dx and d?y/dx? at the point (1,1) on the curve 2xy — 
2x3 — y8 + x®y? = 0. 

29. If x + y® = xy express d*y/dx? in terms of x and y. 


(W.J.C., part) 

30. Find dy/dx if y = b sin 0 and x = acos 8. 

31. Find dy/dx and d*y/dx? for the curve x=asec6, y= 
b tan 6. 

32. Find dy/dx and d*y/dx?for the curve x = a cos? 0, y = a sin? 0. 

33. Find an expression for dy/dx for the cycloid x = a (¢ + sin ¢), 
y = a(l — cos 2). 

34. A curve is given by the parametric equations 


x=a(tsint-+cost—1), y=a(sint —tcost). 


Find dy/dx and d*y/dx? in terms of t. (J.M.B., part) 
35. The equations of a curve in parametric form are 


x=4cos6+3sin0+2, y=3cos#—4sin@—1 
Find dy/dx at the point where 6 = 7/2. (L.U,) 
36. If y = (w? — 1)" show that (w* — 1) dy/dw — 2nwy = 0. 
37. If y = sin (m sin“ x)showthat (1 — x*) d?y/dx? — x dy/dx + 
my = 0. 
38. If y = /(4 + 3 sin x) prove that 


2 2 
are 2(22) +y=4  (S.UJSB., part) 
dx dx 





39. Ify = cose , find dy/d0 and d?y/d6? , and prove that 
d®y dy 
p22 4 49 + (6? + 2)y =0 
40° + 40 + (6° + 2)y 
40. If z = [v + /(1 + 0]? show that 
d2z dz 
1 + 0») 4 oS — px =0 
( Se ra as pz 
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SOME APPLICATIONS OF DIFFERENTIATION 


11.1. THE DERIVATIVE AS A RATE MEASURER 


IN this chapter we shall apply our knowledge of the derivative of a 
function to a variety of problems. Most of the applications are 
based on one of two interpretations of the derivative, viz. as 
measuring the rate of change of the function with respect to the 
variable, or as measuring the gradient of the tangent to the graph of 
the function at a particular point. We begin by using the first 
interpretation. 


Example 1. At what rate is the area of a circle changing with 
respect to its radius when the radius is 1 cm? 
If r cm denotes the radius and A cm? the area of the circle, 


A=nr* 
= = 2nr 
dr 
dA 2 : 
when r = 1 cm, a 27 cm*/cm (Note the units) 
r 


Example 2. The radius of a circle is increasing at the rate of 0-1 
cm/sec. At what rate is the area increasing at the instant when 
r=Scm? 

As before A = mr and is given as a function of r, which itself is a 
function of the time t (since r changes with time) 


dA _dA dr 
dt dr ‘dt 
= 27r.0-1 
when r = 5cm, 
cA = In x5 X 0-1 cm?/sec 


= mcm?/sec 
the rate of change of area when r = 5 cm is 7 cm?/sec. 
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Example 3. Water is poured into a vessel, in the shape of a right 
circular cone of vertical angle 90°, with the axis vertical, at the rate 
of 8in.3/sec. At what rate is the water surface rising when the 
depth of the water is 4 in.? 

Let the depth of the water after t sec be x in., and the volume of 
water in the vessel at this time V in.*. Let the radius of the water 
surface at this time be y in. (Figure 11.1.) 

The volume of water in the vessel is V in. = $ry?x, but since the 
semi-vertical angle is 45°, x = y. 





Figure 11.1 


The rate of increase of V with respect to ¢ is 8 in./sec 
i.e. 


But 


—_—_— = =O MT. 2 
dt dx dt dt 
the value of dx/dt when x = 4 in. is such that 


Gee = 8 
dt 
ie in./sec = 0-159 in./sec when x = 4in. 
dt 27 


Exercises Ila 

1. The length / ft. of a particular rod at temperature °C is given 
by J = 2 + 0-0000274r + 0-00000004467?. Find the rate at which 
lis increasing with respect to t when t = 100°C. 

2. A spherical balloon is inflated by pumping air into it at the 
rate of 80 ft.3/min. Find the rate at which the radius is increasing 
when the radius is 4 ft. 
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3. The radius of a sphere is increasing at the rate of 0-1 cm/sec. 
When r = 5cm find the rates at which the surface area and the 
volume are increasing. 

4. A gas expands according to the law pv = constant where p is 
the pressure and v the volume of the gas. Initially v = 1000 m3 
and p= 40N/m?. If the pressure is decreased at the rate of 
5 N/m’. min™ find the rate at which the gas is expanding when its 
volume is 2000 m8. 

5. The distances u and v of an object and its image from a lens of 
focal length f are related by the formula 1/v + 1/u=1/f. An 
object 5cm from a lens whose focal length is 25cm is moved 
towards the lens at a speed of 10 cm/sec. Find the speed with which 
the image begins to recede from the lens. 

6. Gas is escaping from a spherical balloon at the rate of 30 
m*/min. How fast is the radius decreasing when the radius is 3 m? 

7. At what rate is the surface area of the balloon decreasing in 
Exercise 6? 

8. Water is running out of a conical funnel at the rate of 1 
in.8/sec. The radius of the base of the funnel is 5 in. and its height 
is 10 in. Find the rate at which the water level is falling when it is 
4 in. from the top. 

9. A kite, 100 ft. above the ground is being carried horizontally 
by the wind at a speed of 12 ft./sec. At what rate is the inclination of 
the string to the horizontal changing when 200 ft. of string are out? 

10. The radius of a sphere is r in. after ¢ sec. Find the radius 
when the rate of increase of r and the rate of increase of the surface 
area are numerically equal. 


11.2. SOME APPLICATIONS TO KINEMATICS 


If a body, moving in a straight line, has travelled a distance s 
after time t, then the rate of change of s with respect to time will be 
the speed v of the body 


ds 
=— ... 11.1 
rar (11.1) 


In the same way the rate of change of the speed with respect to time 
will be the acceleration a of the body 


2 
a=W S(as) os 2. (11.2) 
dt  dt\dt dt? 


An alternative expression for a may be obtained as follows: 
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We may regard v as a function of s, which is a function of 7. 
Thus by the function of a function rule for differentiation 


a= ov _ de ds 
dt ds dt 
dv 

a=vu— 2. (11.3 
re (11.3) 


It is conventional in dynamics to denote differential coefficients 
with respect to time by dots placed above the dependent variable. 
Thus ds/dt is denoted by 5s, d*s/dé? by §. With this notation 


dv 


v=S; a ae ao 
s 


Example 1. A body moves in a straight line so that the distance 

moved s ft. after time ¢ sec is given by s = f — 22+ t, Find an 

expression for the speed of the body at time ¢, and find the times 

at which the body is at rest. What is the acceleration of the body 

at these times? 
s=f—2+1t 


v= $= 3°—4t+1 
When v = 0, ¢ satisfies the equation 
32 — 4¢+1=0 
(3t — 1) — 1) =0 
t=4 or t=1 


The body is at rest after times $ sec and 1 sec. 
The acceleration of the body after time ¢ sec is given by a= 
b= 6r—4 


when t = 3, a=2—4= —2 ft./sec? 
when ¢t = 1, a=6—4=2 ft./sec? 
Example 2. The speed of a body varies inversely as the distance 


it has moved. Show that its acceleration is proportional to the 
cube of its velocity. 
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With the usual notation 


k ; 
v =-— where k is some constant 


wa 


ds 3? s? 
vk ‘ 
a=— The since s = — 
() 
pv 
a= — "a which proves the result. 


So far we have dealt with a body moving along a straight line. 
The same mathematics can be applied to a body rotating about a 
fixed axis. If 9 is the angle through which the body has turned 
after time ¢, the angular speed of the body is given by 


oe ... (114) 


290 a 2 -.. (AL5) 


Exercises 11b 


1. A body moves a distance s ft. in ¢ sec along a straight line 
where s = 32°. Find the speed and acceleration of the body after 
2 sec and after ¢ sec. 

2. The speed v ft./sec at time ¢ sec of a body moving along a 
straight line is proportional to 7°. Find the speed of the body 
after 2 sec if its acceleration is then 12 ft./sec?. 

3. The distance s ft. moved by a body after ¢ sec is given by s = 
t® — 3t. Find its speed after ¢ sec. After what time(s) is the body 
at rest? 

4. Find the acceleration a of the body in Exercise 3 at any time 
t sec. When is the acceleration zero? 

5. A body moves in a straight line so that the distance s ft. 
travelled after time ¢ sec is given by s = f° — 412+ 41. Find the 
two positions of the particle when it is momentarily at rest. What 
is the acceleration of the body at these times? 

6. A particle moves along a straight line so that its distance s ft. 
from a fixed point after time ¢ sec is given by s = sin nt where n 


222 


APPROXIMATIONS 


is a constant. Show that its acceleration is proportional to s and 
directed towards the fixed point. 

7. Show that the speed of the particle of Exercise 6 is given by 
n/(1 — s*). 

8. The distance s, moved along a straight line by a particle, after 
time ¢ is given by s = }¢*. Show that its speed v and acceleration 
a satisfy the relation, a? = 27v*. 

9. If the speed of a body is proportional to the cube of the 
distance it has travelled, show that its acceleration is proportional 
to the fifth power of the distance travelled. 

10. A body is rotating about a fixed axis so that the angle 6, 
through which it has rotated after time t sec is given by 9 = bt + 
at®, If m denotes the angular speed of the body and Q the angular 
acceleration of the body show that 


wo? — 6? = 206 


11.3. APPROXIMATIONS 
The derivative of a function is defined to be 





Figure 11.2 


It follows that if we write dy/dx = dy/dx + « then the quantity « 
approaches zero as 6x approaches zero, so that if 6x is small so 
also is «. Thus we may write 


dys Dax ade 
dx 


The second term on the right, being the product of two small 
quantities, will be negligible in comparison with the first term. Thus 


by = WY ax -. 11.6) 
dx 


Figure 11.2 shows the graph of the function y = f(x). P is the 
point (x, y), Q the point (x + 6x, y + dy). Thus the change in the 
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function dy as x changes to x -++ dx is given by the length of QN. 
If PT is the tangent to the curve at P, then provided 6x is small 
TN = QN, so that dy == TN and since 


TN = PN tan TPN = 6x f'(x) 


dy = f'(x) 6x = 2 bx as before. 
x 


Example 1, Given cos 45° = 1/,/2 = 0-7071 calculate the value of 
cos 45° 1’, 
Consider the function y = f(x) = cos x 
f(x) = —sin x (provided x is measured in radians) 


Thus if x = 7/4, 


6x = 1! = Es . — radians 
60 180 
ee fe ee ae 
4 60 180 
T 
= ——7__ = _9.0002 
10800,/2 
cos 45° 1’ == y + dy 
= 0-7071 — 0-0002 


cos 45° 1’ = 0-7069 approximately. 


Example 2. The strength of the magnetic field due to a current J 

amp in a wire in the form of a circle of radius r cm, at a point x cm 

from the centre of the circle and on the axis of the circle is given by 
alr® 


H= 5(r? -E x®)9/? gauss 


If 1= 10 and r= 4 find the approximate change in H when x 
changes from 3 cm to 2:9 cm. 


Ir? 
Aes es 
5(r? + x?)8/? 
dH _ _ __3al rx 
dx S(r? ++ x*)5/? 


ok 3aIr*x 
OH = — 5? +x? +x dx 
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When x = 3, dx = —0-71,r = 4and7= 10 


oH 3m X NOx 16x31 
5x 255” 10 
_ _ 14407 _ = 0:0289 
5 x 31250 


Thus the magnetic field increases by approximately 0-029 gauss. 


Example 3. The value of g the acceleration due to gravity is 
determined by means of a simple pendulum of length ] cm. The 
period T sec of the pendulum is measured and g is calculated from 


the formula T = 27 £ . The experimenter feels that he is able to 


measure / accurately but realizes that his measurement of T is 
subject to an error of 1 per cent. What is the percentage error in the 
calculated value of g? 
4n*] 
§= “TE 


where / is the length and T the time period. However, since T is 


subject to the error 6T = T x roa the experimenter will calculate 
the value g + dg where dg is the error in g. 





dg 
6g = = 6T 
oe aT 
4n’] T 
6g = —2 xX x= 
& T ~ 100 
2 4n?l 2 
S88 SS =I SS g 
100 T? 100 


the percentage error in g is thus approximately 2% and is 
opposite in sign to the error in T. 


Exercises Llc 

1. tan 45° = 1, cos 45° = sin 45° = 1/,/2. Evaluate tan 45° 1’ to 
four decimal places. 

2. Using the values sin 45° = cos 45° = 0-7071, determine the 
values of sin 45° 1’ and cos 45° 1’. Use these two values to determine 
sin 45° 2’ and cos 45° 2’ and then calculate sin 45° 3’ and cos 45° 3’. 
(in this way we could construct a complete table for sin 9 and 
cos @ at 1’ intervals for 6. In fact the same calculation is carried out 
each time with slightly different numbers. This is just the type of 
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calculation which an electronic computer can handle very rapidly 
and efficiently.) 

3. The radius of a circle increases from 2 in. to 2-03 in. Find the 
approximate increase in its area. Find the actual increase. 

4. The volume of water in a hemispherical bowl of radius 12 in. 
is given by V = 4n(36x? — x*) where x in. is the greatest depth of 
the water. Find the approximate volume of water necessary to 
raise the depth from 2 in. to 2-lin. If the water is poured in at the 
constant rate of 3 in.'/sec, at what rate is the level rising when the 
depth is 3 in.? 

5. Find the approximate percentage change in the volume of a 
cube of side x in. caused by increasing the sides by 1 per cent. 

6. The radius of a spherical balloon is decreased from 10 cm to 
9:9 cm. Find the approximate change in its volume. 

7. Find the approximate change in the surface area of the balloon 
of Exercise 6. 

8. The volume of a gas expanding adiabatically is related to its 
pressure p by the law pv’ = constant (where y is a constant). If 
dp and dv denote corresponding small changes in p and v respectively, 

op dv 
show that a =e 

9. The area of a triangle is calculated from the formula A = 
3ab sin C with the usual notation. The sides a and b are measured 
accurately as 10 in. and 12 in., but C is subject to an error of any- 
thing up to $° about the measured value of 40°. Find approximately 
the maximum error in A. 

10. y = x*, If x is decreased by 0-2 per cent find the approximate 
percentage decrease in y. Hence find an approximate value for 
(99-8). 


11.4. THE TANGENT AND NORMAL TO A CURVE 


f(x) measures the gradient of the tangent to the curve y = f(x) 
at the point with abscissa x. The gradient of the tangent at the point 
with abscissa x, is then f’(x,). Thus the equation of the tangent to 
the curve at the point (x,, y,) on the curve is by (18.6) 

y-N=fEYe — ») . ++ (11.7) 

The normal to the curve at the point (x,, y,) on the curve is the 
line through this point perpendicular to the tangent to the curve. 
The gradient of the normal is thus —1/f’(x,) and the equation of the 
normal is by (18.6) 


=i 
Yr A= Fy & — ... (11.8) 
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Example 1, Find the equation of the tangent and normal to the curve 
y = 3x? — 5x at the point (1, —2). 


y = f(x) = 3x? — Sx 
f(x) = 6x — 5 
fi)=6.1-—5=1 
the tangent at (1, —2) has equation 
y — (—2) = 1@ — 1) 
i.e. yt2=x-1 
i.e. y=x-—3 
The normal at (1, —2) has equation 
y —(—2) = -1(« — 1) 
i.e. y= —x-—1 
Example 2. Find the equation of the tangent to the circle x? + 
y? = 2a? at the point (a, a). 
x2 + y? = 2a? 


_ —(y’)=0 
Cre 


ax + 2y 2 = 0 
dx 


dy_ _x 
dx y 
at the point (a, a), 
dy _ 4 
dx 


the tangent to the circle at (a, a) has equation 
y—a=—(x —a) 
ie, you-x+2a 


Example 3. Find the equation of the tangent to the curve y = 2x? — 
x + 3 which is parallel to the line y = 3x — 2. 
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With y = f(x) = 2x? x +3 
dy 
= f'(x)=4x—-1 

(x) = 4x 


The line y = 3x — 2 has gradient 3 
f'(x)=3 when 4x —1= 3, ie. x= 1 


Thus the point of contact of the required tangent is (1, 4). 
the equation of this tangent is 


y—4=30-—-)) 
ie. y=3x+1 


1d1Exercises 

1. Find the equation of the tangent and normal to the curve 
y = 3x? — 6x + | at the point (2, 1). 

2. Find the equation of the tangent and normal to the curve 
y = x8 — 3x? + 2 at the point (1, 0). 

3. Find the equations of the tangents to the curve y= 
x(x — 1)(x — 2) at the points where it crosses the x-axis. 

4. Find the equation of the tangent to the hyperbola x? — y* = 16 
at the point (5, 3). 

5. Find the equation of the tangent and normal to the curve 
x? + xy + y? = 3 at the point (1, 1). 

6. Find the equations of the tangent and normal to the curve 
y® = 4ax at the point (a, 2a). 

7. Find the equations of the tangents to the curve y = x3 — 6x3 + 
9x + 4 which are parallel to the x-axis. 

8. Find the equations of the tangents to the curve y = x? — 
5x? + 8x + 1 which are parallel to the line y = 5x — 7. 

9. Find the equation of the tangent to the curve y = a which 
is perpendicular to the tangent at the point (1, —1) to the curve 
y= x? — 4x + 2. - 

10. Find the equations of the tangents to the curve y = Soe 
which are parallel to the line y = x. 7 


11.5. THE MAXIMUM AND MINIMUM VALUES OF A 
FUNCTION 


Figure 11.3 shows the graph of a function y = f(x). 
The point A is called a local maximum of this function. The value 
of the function at A exceeds its values in a certain neighbourhood of 
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A. Similarly C is a local maximum and B a local minimum. As 
can be seen B is not the absolute minimum value of the function, 
the value at D for example being less than the value at B. This is the 
reason for the term “Jocal” minimum, although in much of the 
literature this word is omitted although generally implied. 





Figure 11.3 


The positions of the points A, B, C may be determined by using 
the property that the derivative is zero (the tangent is parallel to 
the x-axis) at local maxima or minima. 

To distinguish between local maxima and local minima we shall 
examine the derivative in the neighbourhood of A and B respectively. 
Near A the derivative is positive to the left of A, zero at A and 





Figure 11.4 


negative to the right of A, i.e. it changes sign from negative to 
positive as x increases. Near B the derivative is positive to the 
left of B, zero at B, and negative to the right of B, i.e. it changes 
sign from negative to positive as x increases. Figure 11.4 shows the 
graph y = f(x) together with the sign (or zero’s) of its derivative 
marked on it. 
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In those regions in which f’(x) is positive we say that f(x) is an 
increasing function of x; in those regions in which f’(x) is negative 
we say that f(x) is a decreasing function of x, and at A, B, C where 
f’(x) is zero we say that f(x) is stationary. A, B, C are often referred 
to as the stationary points of f(x). 

The observations above enable us to state the following rules for 
determining the stationary points (or turning points) of a function 
and distinguishing between (local) maxima and minima. 

I At a turning point f’(x) = 0. 
II At a local maximum, f’(x) changes from positive to negative 
as x increases. 
At a local minimum, f’(x) changes from negative to positive as 
x increases. 

In practice we evaluate (or at least examine the sign of) f’(x) for 
values of x just less than and just greater than its value at the turning 
point. 


Example 1. Find the nature of the turning points of the function 
y= x — 24x44, 
oy 3x*—4x+1 
x 
At the turning points dy/dx = 0, 
i.e. 3x? —4x+1=0 
(3x — 1x —1)=0 
x= or x=1 


Consider the value x = 4. When x = } (a convenient value just 
less than 4) 


ay at ae 
dx 16 4 16 
When x = } (a convenient value just greater than 4) 
ey ey ees oe 
dx 4 2 4 


Thus since dy/dx changes sign from positive to negative, when 
x = 4, yis a maximum, the value of y being 


A-8+4+4=4¥ 
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For the value x = 1. When x = 0-09, 


2 =3x081—4x09+1= ~ 0-17 is negative 
x 
When x = 11 
- =3x 121-—-4x11+1=0-23 is positive 
x 


Thus when x = 1, y is a minimum, the value of y being 1 — 2+ 
1+4=4, 

A second procedure for distinguishing between maximum and 
minimum values may be obtained as follows. In the region of a 
maximum f’(x) changes sign from positive to negative as x increases. 
Thus f'(x) is a decreasing function of x in the region so that f "(x) is 
negative. Near a local minimum, f'(x) is an increasing function so 
that f"(x) is positive. 

Hence at turning points giving maximum values f’(x) < 0 and at 
turning points giving minimum values f’(x) > 0. 

If at a turning point f(x) = 0, no conclusions can be drawn using 
the above argument and we have to resort to our original criterion 
for distinguishing between maximum and minimum values. 

For the example just considered, 


dy 
f"(x) = —— = 6x ~ 4 
(x) 1 
When x = }, 


d? 
— = 2—4= —2 is negative 
dx? : 
When x = 1, 4? 
<¥ =6—4=2 is positive 
x 


Thus x = } gives a maximum and x = | gives a minimum for y. 


Example 2. Find the maximum and minimum values of y = 
x® — 6x2 + 9x. 


— = 3x? — 12x +9 
x 
= 3(x? — 4x + 3) = 3(x — 1)(x — 3) 


dy =0 whenx=1 or x=3 and these give the 
dx turning values. 
2 
OY ae 49 
dx* 
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When x = 1, 


2 
= =-—6<0 and so gives a maximum value of 4 for y. 
x 
When x = 3, 
d?y bac 
— = 18-12= 6>0 and so gives a minimum value of 
dx 0 for y. 


Example 3. Rectangles are inscribed in a circle of radius r. Find 
the dimensions of the rectangle which has maximum area. 

Figure 11.5 shows the circle with one such rectangle ABCD 
inscribed in it. O is the centre of the circle. 


ry 
K 
<---> 
nN 
»< 


Figure 11,5 


Let BC = 2x. Let E and F be the mid points of BC and AB. 
Then since FB? == OB? — BE? = r? — x*, FB = ,/(r? — x?). 


AB = 2,/(r? — x*) 


the area of ABCD = A = 4x,/(r? — x’). 
For the maximum value of A, dA/dx = 0 


4x?* 
4,/(r? — x*) — —~—_ = 0 
A(r? — x?) — 4x? __ 0 
Vr? oe x?) 
2 2 
4(r" — 2x") == Q so that 
Ve 2) 
r—2x’=0, ie x= aE (only the positive value is valid) 
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When x < r/,/2, dA/dx is positive since then r?/2 > x*. When x > 
r[./2, dA/dx is negative. Thus A is a maximum when x = /,/2. 
(This method for distinguishing between maximum and minimum 
values is more convenient in this example than calculating d?A/dx*.) 

Thus A has a maximum when the rectangle has dimensions 
J2r by ,/2r; i.e. it is a square. 


Example 4. The point X is 21 miles south of the point Y. At 
noon a boy starts from X and cycles due east at 9 m.p.h. At the 
same time a second boy starts from Y and cycles south at 12 m.p.h. 
Find their least distance apart. 


YA 
2¢ 
} 


= 


NO 
~~ 


<---> 
a 


X<9tra 
Figure 11.6 


At time ¢ hours after noon the first boy is at A 9¢ miles east of X, 
and the second boy is at B, 12¢ miles south of Y (Figure 11.6). 
If dis their distance apart, 


d? = BX? + AX? 
da? = (21 — 121)? + (90)? 
= 22522 — 504t + 441 
dis a minimum when d@? is a minimum, i.e. when 


¢ (d*) = 450t — 504 = 0 
dt 


i.e. when t= $24 — 8 
2 
s (d*) = 450 which is always positive 


t = $$ gives a minimum for d? of 





2 
441 — 504 X56 4 95 4, 56 _ gy — 1008 x 56 , 56 x 504 
50 50 100 100 
56 x 504 


= 441 — ————_ = 158-76 
100 
the minimum value of d= 12-6 miles. 
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A Further Note on Maxima and Minima Although in most cases 
f(x) will be zero at a maximum or minimum value, the essential 
property of such points is that f(x) should change sign. Figure 
11.7 shows the graph of the function y = 1 — x*/8; the sign of 
dy/dx is marked on the graph. This function has a maximum at 
x ==0 but dy/dx = 4x-"/5, although it changes sign as x passes 
through 0, is not defined for x =0!! This is also true for the 
function y = |x| whose graph is shown in Figure 9.3. 





Figure 11.7 


Exercises Ile 


1. Ify = (x — 1)@ + 2) find the maximum and minimum values 
of y. 

2. Find the maximum and minimum values of y = x(x — 1)?. 

3. Find the maximum and minimum values of y = Fri i: 

4, Find the maximum and minimum values of sin t + }cos 2¢. 

5. Show that the maximum value of a cos 6 + b sin is /(a® + 6%). 
Can you show this without using the calculus? What is the minimum 
value? 

6. Find the dimensions of the largest right circular cylinder which 
can be cut from a sphere of radius r. 

7. An isosceles triangle of vertical angle 20 is inscribed in a circle 
of radius r, Find an expression for the area of the triangle as a 
function of 6, and show that this is a maximum when the triangle is 
equilateral. 

8. A right circular cone is constructed to have a total surface area 
A. Show that its volume V = 4r,/(A? — 2Ar*) where r is the 
radius of its base. Hence show that the largest such cone has 
semi-vertical angle tan~? (1/2,/2). 

9. The force exerted on a small magnet placed at a distance x 
from the centre of a plane circular coil of radius a, and along the 
axis of the coil is proportional to x/(x? + a®)*/? when an electric 
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current flows in the coil. Show that the force is a maximum when 
x = fa. 

10. A man is situated at A, a miles from a road XY (Figure 11.8). 
He wishes to reach the point Y where XY = b miles. His speed on 
the road is u m.p.h., and his speed across country is v m.p.h. (u > v). 
If he wishes to reach Y as quickly as possible find the position of the 
point P where he joins the road. 


A 
A 
a 
iJ 
Y 
X P Y 
“------—--- > 
b 
Figure 11.8 


1L.6. POINTS OF INFLEXION 
Consider the function y = x3(x — 4) = x4 — 4x3. 


AY _ 49 _ 19x? = 4x%(x — 3) 

dx 

dy 

—=0 when x=0 or x=3 
dx 


Near x = 3, dy/dx changes sign from negative to positive as x 
increases through the value 3. Thus x = 3 gives a minimum value 
of —27 for y. Near x = 0, dy/dx is negative for x just below zero, 
is zero when x is zero, and is negative again for x just greater than 
zero. Thus although dy/dx is zero, since dy/dx does not change 
sign as x passes through this value, this point gives neither a maximum 
nor a minimum value for y. 

Figure 11.9 shows the graph of the function y = x°(x — 4). 
The sign of dy/dx is indicated on the graph. 

At B the function has a minimum value and at the origin there is a 
point called a point of inflexion. At such a point the graph of the 
function changes from being concave up to concave down or vice 
versa. (In our particular case it is the former.) As the value of x 
increases through zero, the derivative changes from negative to 
zero, and then to negative again, i.e. at 0 the derivative has a 
maximum. This is true quite generally; at a point of inflexion 
the derivative has a maximum value or a minimum value. This 
latter condition enables us to give a criterion for finding points of 
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inflexion, for at points at which dy/dx is a maximum or a minimum 


2 
cs — and changes sign. 
dx 
This is the case in our present example where 
2 
oY = 12x8 — 24x = 12x(x — 2) 
dx 





Figure 11.9 


which vanishes and changes sign at the origin from positive to 


negative. 
Although it was so in the example chosen it is not necessary that 
dy/dx be zero at a point of inflexion (see Figure 11.10). In Figure 


y Jy 


(a) (b) 
Figure 11.10 


71.10a the curve has a point of inflexion at A. dy/dx is a maximum. 
In Figure 11.10b the curve has a point of inflexion at B. dy/dx 
is a minimum. In both cases d?y/dx? = 0 and changes sign but 


dy/dx 4 0. 
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To sum up the results of this and the previous section: 


(i) 


: 2 
If dy =0 and o < 0, there is a maximum value. 
dx dx 
(ii) 
2 
If ay =0 and = > 0, there is a minimum value. 
dx dx 
(iii) 
. d’y : ; : : : 
If aa 0 and changes sign, there is a point of inflexion. 
x 


.. + 11.9) 


Example 1. Find the maximum and minimum values and the 
points of inflexion of y = x8 — 6x? + 9x +1. 


Sa 3x! — 12x +9 = 3 — Nx — 9) 
x 


dy/dx is zero when x = 1 or when x = 3 


2 
oY _ 6&2 
dx 
2 
When x = 1, oa eee ee 
dx 
2 
When x = 3, 17K 6S0 
dx? 
d?y/dx? = 6x — 12 is zero when x = 2 and changes sign. Thus 
when Be Pe y has a maximum value of 5, 
when x = 3, y has a minimum value of 1; 


and there is just one point of inflexion at the point (2, 3). 


Exercises I1f 

1. Find the position of the point of inflexion of the curve y = 
2x8 — 5x? — 4x +1. 

2. Find the positions of the points of inflexion of the curve 
y = 3x4t — 4x8 4+ 2, 

3. Find the positions of the turning values and the point of 
inflexion of the curve y = x® — 2x2 + x + 3. 
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4. Show that for the curve y = x3, d?y/dx? = 0 and changes sign 
at the origin. Plot the graph. 

5. Show that for the curve y = x4, d®y/dx? =0 but does not 
change sign at the origin. Plot the graph. 


11.7. CURVE SKETCHING 


On many occasions it is useful to make a rough sketch of a curve 
without plotting a large number of its points. Outlined below is a 
systematic procedure which should enable the shape of the curve to 
be obtained. It is not always necessary to consider every point 
detailed below. 

(i) Determine if the curve is symmetrical about either of the 
co-ordinate axes. If its equation involves only even powers of x 
it will be symmetrical about the y-axis; if only even powers of y 
are involved it will be symmetrical about the x-axis. 

(ii) Examine the behaviour of the function for large positive and 
large negative values of x, i.e. examine y as x > +00. 

(iii) Seek values of x for which y is not defined. Some common 
examples will be values of x which make the denominator of a 
rational function zero or which make y? negative. 

(jv) Find the value of y when x = 0, and if convenient the value(s) 
of x when y = 0. This will give the points where the curve crosses the 
axes. 

(v) Calculate dy/dx and examine its sign. Where dy/dx is positive 
the graph will slope up from left to right, where dy/dx is negative 
the graph will slope down from left to right. 

(vi) Find the turning points and points of inflexion. 


Example I. Sketch the curve y = x4 — 24x? + 64x + 10. 
(i) There is no symmetry about either axis. 
(ii) When x > +00, y— oo, the dominant term being x*. 
(iii) y is defined for all x. 
(iv) y= 10 when x = 0. y=0 when x satisfies x* — 24x? + 
64x + 10 = 0 and this equation is not easily solved. 
(v) dy/dx = 4x5 — 48x + 64 = 4(x3 — 12x + 16) 
= 4x — 2)°%(x + 4 
dy/dx is positive for x > —4 and negative for x < —4 since 
(x — 2)? is always positive. 
(vi) dy/dx is zero when x = 2 or x = —4 
2 
7” = 12x? — 48 = 12(x — 2x +2) 
x 
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When x = —4, d?y/dx? = 144 > 0 so x = —4 gives a minimum 
value of —374 for y. 

When x = 2, d*y/dx? is zero and change sign. Thus x = 2 gives 
a point of inflexion with the tangent parallel to the x-axis. x = —2 
gives a second point of inflexion. The curve is sketched in Figure 
11.11. 





Figure 11.11 


Example 2. Sketch the curve y? = x. 

(i) The curve is symmetrical about the x-axis. 

(ii) when x — 00, y— 00; when x — — 00, y is not defined. 

(iii) y is defined only if x is positive. 

(iv) y = 0 when x = 0. The curve passes through the origin. 

(v) With y*? = x, 2y dy/dx = 1, ie. dy/dx = 1/2y. Thus when y 
is positive (negative) dy/dx is positive (negative). 


y 


Figure 11.12 


(vi) dy/dx is never zero so there are no turning values, but at the 
origin dy/dx — oo as y > 0, i.e. the curve is vertical. It is shown in 
Figure 11.12. 
2x+1 
x—1° 
(i) There is no symmetry about either axis. 


Example 3. Sketch the curve y = 
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(ii) When x f00, y—>2. For large (positive or negative) 
values of x the graph approaches the line y= 2. (A horizontal 
asymptote.) 

(iii) y is defined for all x except x = 1. When x is just less than 
one y is large and negative; for x just greater than one y is large and 
positive. x = 1 is a vertical asymptote. 

(iv) When x = 0, y = —1 and when y = 0, x = —}. 





@® Saas 


dy/dx is always negative, and since it is never zero there are no 
turning values. The curve is shown in Figure 11.13. 











Figure 11.13 


Exercises Ilg 


Sketch the curves: 

1. @ y=x* @) y = 2x? (iii) y = —2x? (iv) p= xP +1 (v) 
y=x—3 (vi) y = 6x7 + 1 (vii) y = —3x*7 4+ 1 (iii) y = —2x? — 
4 (ix) y = ax? + b. 

2.@) y= — 1)? @) y = 2 — 1) Wii) y = —2(x — 1)? () 
y=(— 17% 4+1 @&) y= O@— 2) (Ci) y= +1) Ci) y= 
6(x + 1)? (viii) y = —2(% — 2)? (ix) y= 2e — 2)? +3 (X) p= 
3(x — 2)? + 8 (xi) py = —(x« — 5)? + 4 (xii) y = a(x — bf? +. 

3, @Oy= XG) y = x4 (iii) y = ° () y = x4, 

4. @) y = 2x8 (ii) y = —323 (iii) y = x9 + 2 (iv) y = x3 — 6 (v) 
y = 8 + b(vi)y = ax® + b(vii)y = 3x4 — 4 (viii) y = 3(x — 198? + 
4 (ix) y = 6% — 2 +3) y= — 1? —-7. 

53. @ y=oxe—-1) @) Y=xe—1) Gi) y= x(x — 1) @) 
y= x(x — 1) (ve) y = x(e — I — 2) Wi) Y = x(x — I(x — 2) 
(vii) y = x(x — 2)? (viii) y? = x(x — 2). 

6. @My =x -— 6x —T(iD y = 3 — 7x + 402°. 
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7. @y = x8 — 6x + 4 (ii) y = x8 — 5x* + 5x8 — 2. 
8. y* = x3 (pay particular attention to the form of the curve near 
the origin). 











9% % y= (ii) = (iii) ya 
MyeF > Ore wy 
(vii) y= ~ + (viii) y = ae 
(ix) y= ete 7: = (x) y= rae aes 


10. Sketch the curve y = x". Consider four cases (i) n is a 
positive even integer, (ii) n is a positive odd integer, (iii) n is a 
negative even integer and (iv) n is a negative odd integer. 


EXERCISES 11 


1. Water is poured into a hemispherical bowl of radius 6 in. at a 
rate of 5 in.3/sec. At what rate is the water rising in the bowl when 
the depth of water is 2in.? (The volume of a cap, of a sphere of 
radius R, whose height is A is wh?(R — h/3).) 

2. The distances u and v of a point and its image from a lens of 
focal length f are connected by the relation I/u+ 1jo=1/f. If 
f = 10cm and the object is moved towards the lens at 2 cm/sec find 
the speed of its image when this is 25 cm from the lens. 

3. The efficiency of an engine is given by E = 100(1 — r-¥/4) 
where r is the compression ratio. Find the rate at which £ is 
changing with respect to r when r = 7. 

4. A pipe delivers V m? of water in t sec, where V = 12t — #7/10. 
At what rate is the water delivered after 10 sec? 

5. Sand falling from a chute forms a conical pile whose height is 
always # times the radius of the base. How fast is the radius of the 
base increasing when it is 3 ft. if the sand falls at the rate of 24 
ft?/min? 

6. A body moves along a line according to the law s = f — 
9¢2 + 24t. Find the positions of the body when its speed is zero and 
when its acceleration is zero. 

7. A particle moves along a straight line Ox in the time interval 
0<t<7; after ¢ sec its distance from O is x ft. where x = ¢ + 

sin 2t. 

Calculate the values of t between O and 7 when the direction of 
motion changes, and show that the particle always remains on the 
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same side of O. Find also the times at which the acceleration is 
zero. Sketch the graph of x for 0 < t < a, and state the largest 
value of x in this interval. (J.M.B.) 

8. A vehicle moves from rest on level ground in such a way that its 
speed is v ft/sec; when it has covered a distance x ft, x is given by 


; 2v? 
the relation x = 7 
Sketch a graph showing v as a function of x, and show that the 
, .,. . (60 —v)? P 
acceleration of the vehicle is 2100 — 0) ft./sec?. (J.M.B.) 


9. The period of oscillation of a pendulum is calculated from the 
formula T = 27,/(I/g) where / is the length of the pendulum and g 
the acceleration due to gravity. Find the percentage error in the calcu- 
lated value of T if g is taken to be 32 ft./sec® instead of 32-2 ft./sec*. 

10. The side of a triangle is calculated by means of the formula 
a? = 6% + c? — 2bc cos A. If anerror of 1° is made in the measure- 
ment of 4 find the approximate error in the calculated value of a 
when b = 10cm, c = 15cm and A = 60°. 

11. The pressure p units and the volume v units of an expanding 
gas are related by the law pu! = k, where k is a constant. If the 
volume increases by 0:3 per cent, estimate the percentage change in 
the pressure. (J.M.B., part) 

12. Prove that the gradient of the curve y = x* + 6x? + 15x + 
36 is positive for all values of x. Show that the curve has a point of 
inflexion when x = —2, and state the gradient of the curve at this 
point. 

Write down the equation of the tangent to the curve at the point 
where x = 0, and find the co-ordinates of the point where this 
tangent meets the curve again. (J.M.B.) 

13. Find the abscissae of the points on the curve y = x* — 3x? — 
2x + 1 at which the tangent is equally inclined to the co-ordinate 
axes. 

14, Find the equation of the tangent to the curve y? = }x*(x + 1) 
at the point (2, 2). Show that this tangent intersects the curve again 
at a point R and that it is the normal to the curve at R. 

15. The curves (i) x? — y? = 15 (ii) xy = 4 intersect at a point 
in the first quadrant. Find the equations of the tangents to both 
curves at the point, and show that they are at right angles to one 
another. (W.J.C.) 

16. If y is such that dy/dx = x°(x — 1)°(x? + 1), find the values 
of x for which y has stationary values and state the nature of the 
stationary values. (W.J.C., part) 
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17. The curve whose equation is y = ax® + bx? + cx +d hasa 
point of inflexion at (—1, 4), has a turning point when x = 2 and 
passes through the point (3, —7). Find the values of a, b, c, d and 
the position of the other turning point. 

(x + 4) 

18. Show that GF 1278 
approximately, and find its minimum value. (W.J.C.) 

19. (@) Find the maximum and minimum values of the function 
tan 2x cot? x, and the values of x, in the range 0 < x < a, at which 
they occur. 

(ii) Find the maximum and minimum values of y, and the corre- 
sponding values of x if 9y? + 6xy + 4x? — 24y — 8x +4=0. 

(W.J.C.) 

20. A right circular cone is inscribed in a sphere. Prove that the 
volume of the cone cannot exceed & of the volume of the sphere. 

21. Show that the function of y = x/(1 — x?1/”)1 where 

2 Yh 
vr i) 
22. Find the maximum and minimum values and the points of 
x 
xt +1? 
inflexion lie on the line 4y = x. 

23. Find the stationary values of the function f(x) = 1— 

= + s and determine their nature. Sketch the curve y = f(x). (L.U.) 


has a maximum value of 0-945 


y (>1) is a constant, has a maximum when x = 





inflexion of the function and show that the points of 


24. A tree trunk is in the form of a frustrum of a right circular 
cone, the radii of the end faces being a and b respectively (2 > b) 
and the distance between these faces being /. A log in the form of a 
right circular cylinder is cut out of the trunk, the axis of the cylinder 
being perpendicular to the end faces of the frustrum. Show that, 
if b < 2a/3, the volume of the log is a maximum when its length is 
al/3(a — b). If 6 > 2a/3, what is the length of the log when its 
volume is as great as possible. (L.U.) 

25. Aright circular cone of semi-vertical angle 6 is circumscribed 
about a sphere of radius R. Show that the volume of the cone is 
V = 47R*(1 + cosec 6)8 tan? 6 and find the value of @ when Visa 
minimum. 

26. Ify = 2 sin x + tan x, prove that d2y/dx? = 2 sin x (sec? x — 1). 
Show that for 0 < x < w/2 the gradient of the function is greater 
than 3, and that for m/2 < x < 7 the function has a turning point 
and is zero for a value of x other than 7. Sketch these two branches 
of the graph of the function. (S.U.J.B.) 
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27. Find the maximum and minimum values of the function 
x/(x? + 3x + 1). Sketch the graph of the function. (S.U.J.B.) 
28. Find the abscissa of the point of inflexion on the curve 
y = ax? + bx? + cx + d where a, b, c and d are constants. 
29, Sketch the graphs of (i) y=set-4 (i) y= 213 
9. Sketch the graphs of (i) i553 (ii) aera 
= x*— 12x +27. 2x? + 4x +7 
Gi) = Tae 1s I= Sapo FS 

30. Find the equation of the tangent to the curve y = 1/x at the 
point (1, 1) and the equation of the tangent to the curve y = cos x 
at the point (7/2, 0). Deduce that 1/x > cos x for0 < x < 7/2. 

(J.M.B., part) 

31. Sketch with the same pair of axes the graphs of the functions 
y=(*— 2); y=(*— 2)? +4; y= (x — 2)? — 4. Indicate on 
each graph the co-ordinates of the turning point and of the points 
where the graph crosses the axes. (J.M.B.) 

*32. A straight line of variable slope passes through the fixed 
point (a, 6) in the positive quadrant. Its intercepts on the co- 
ordinate axes are p and q. (p,q both positive). Show that the 
maximum value of p + q is (/a + ./b)*. 

*33. Show that there is just one tangent to the curve y = x* — 
x + 2 which passes through the origin. Find its equation and point 
of contact with the curve. 

*34. A right circular cone is inscribed in a sphere of radius a. 
If its volume is a maximum, show that its altitude is 4a/3. In the 
cone of maximum volume a right circular cylinder is inscribed. 
Show that the maximum volume of this cylinder is 32/243 of the 
volume of the sphere. tan 6 


*35. The efficiency of a jack is given by E = tan (6 + A) where 


6 is acute and A is constant. Show the maximum value of £ is 
1 — sin A 


———_——. and find the value of @ for which this occurs. 
1 + sin A 
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THE LOGARITHMIC AND 
EXPONENTIAL FUNCTIONS 


12.1. THE LOGARITHMIC FUNCTION y = log, x 


Figure 12.1 shows the graph of y = log,, x . y is only defined for 
positive values of x. As x approaches zero y becomes large and 
negative, changing very rapidly with respect to x. Thus when 
x =0-01, y = —2, when x = 0:0000001, y = —7 etc. As x takes 


i y= log, x 





Figure 12.1 


on large positive values y increases but only very slowly with respect 
to x. Thus when x = 100, y = 2, when x = 1000, y = 3, when 
x = 10,000, y = 4 etc. When x = 1, y=0. The general charac- 
teristics described above and the sketch of Figure 12.1 are true for 
the function y = log, x where a is any constant. 

We shall now evaluate precisely the derivative of the logarithmic 
function as opposed to the rather vague statements above. None 
of the methods of Chapter 10 are applicable to the function y = 
log, x and we have to resort to the method of differentiation from 
first principles. 

If y = log, x, y + dy = log, (x + dx) 


dy = log, (x + 6x) — log, x 
= log, (% + 2x) = los, (1 + 2) 
x 


x 
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éx dx 
x 6x 

ct / San 

ae log, (1 + 2) 
x Xx x 
o/dx 

dy = Limit oye sath Limit log, (1 + 2) ....(A) 
dx éa0 OX X 6x70 


To evaluate Limit log, (1 + dx/x)*/* we replace x/dx by n. Then 
dx — 0 is equivalent to n approaching “‘infinity” (n — 00) and the 


] n 
required limit may be written log, | Limit {1 + ‘) iF * 


A full investigation of Limit (1 + J is beyond the scope of this 


n> DO 


course. For the present we shall content ourselves with the evalua- 
iy’ : ' 
tion of (1 + ‘) for n = 10, 100, 1000, 10000. With the aid of six 


figure logarithms we have 
(1 + 5)? = 2'5936 


(1 + zdq)' = 2°7046 

(1 + xeon) = 2°7164 

(1 + xoboa)!00% = 2-7182 
A brief study of these results should convince our readers that 
as n increases {1 + ) is going to approach a limiting value 
between 2:5 and 3-0. A fuller study of the problem reveals that 
Limit (1 + -) == 2:71828 to five decimal places. This number. 


noo 


holds a very important place in all higher mathematics and is 
denoted by the symbol “‘e.” Although the above argument is at 
best tentative the conclusion is correct and we have 


e = Limit (1 + 1) = 2:71828 ... 12.1) 
no n 


* We have written Limit (Log...) = Log (Limit...). To prove this ‘‘appar- 
ently obvious” result is beyond the scope of this course. 
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Thus if we return to (A) we see that 


£ (log, x) = diog, e ... (12.2) 
dx x 


For a given value of a, log, ¢ is of course just a constant. Ifa =e 
so that loge a = 1 we have the result 


Sissies (12.3) 
dx x 


y = loge x is called the natural logarithm of x. We may of course 
calculate the logarithm of x to any base, (logarithms to the base 10 
are very convenient for calculations, natural logarithms are very 
important for the theoretical aspects of mathematics) but it is only 
when the base is e, that the derivative of the logarithmic function is 
1/x, otherwise it is 1/x log, e. 


Example 1. Find dy/dx if (i) y = loge 1/x (ii) y = loge sec x. 
(i) y = loge 1/x = loge u where u = 1/x 
dy _ dy cu _1(_4) =x(=) at 

dx dudx u\ x? 


|@ (tog. 1) =~ = (loge x) *" loge L = —loge x] 
dx x dx x 
(ii) y = loge sec x = loge u where u = sec x 


dy dy du 1 


== ,.— =-—.secxtanx 
dx du dx 
ox tan x 
dx 
Example 2. Find dy/dx if y = logy, x? 
By (1.28) 
y = logyy x* = logis € X loge x? = 0-4343 loge x? 
= 0-8686 loge x 
dy _ 0-8686 
dx x 


Example 3. Find dy/dx if y = loge f(x) 
y = loge f(x) = loge u where u = f(x) 
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d f’(x) 
_ fi = .- «(12.4 
ae [loge f(x)] x) (12.4) 
Exercises 12a 
Find dy/dx when: 
1. y = loge 2x. 2. y=loge 1/x?. 3. y = loge sin x. 
4. y=loge(ax+). 5. y= loge /(x — 1). 
6. y = loge tan x. 7. y = loge (sec x + tan x). 
8. y = loge sin? x. 9. y= x loge x — x. 
loge x 1—x 
10. Fie 11. y = loge 7-5. 
12. y = cos x loge sin x. 
13. Find dy/dx if x + y + loge xy = 2. 
14. If y = loge x/x, show that dy/dx is zero when x = e. 
15. If y = x loge x, find d?y/dx?. 


12.2, THE EXPONENTIAL FUNCTION 


The exponential function is the inverse of the logarithmic function. 


Thus if y= e*, x =logey. Figure 12.2 shows a sketch of the 
function y = e®. The function y = a® possesses the same general 
characteristics. Figure 12.2 may be obtained directly from Figure 12.1. 

The derivative of the function y = e* is obtained using (10.17). 


Thus if 
yee 
x = loge y 
oe be a23) 
dy y 
dy = 
dx 
de) _ ... (12.5) 
dx 


For the function y = a” it is convenient to write the constant a 
in the form a = e!%e*. Then 
y= @g = (elose2)* = erloget 
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To differentiate y with respect to x we need the rule for differentiating 
a function of a function 


y=e? where v = x logea 


Oy oy: es loge a . e7!°8e% 

dx dv dx 
ie dy = lop. a . 0” -. (12.6) 
dx 
J 

yret 

(0,1 
x 
ie) 
Figure 12.2 


Example 1. Find dy/dx when (i) y = e°°%? (ii) y = sin 2xe™. 
(i) y = e°8* = e” where u = cos x 


Pete ar e“.(—sin x) = —sin xe™*? 
x 
(ii) y = sin 2x e* 
By (10.4) * sin 2x = — =) + ae — ~ (sin 2x) 
re (e**) = < (e") where u = 2x 
=e). Se" x 2 = 2 
x 

d.. d,. 

— (sin 2x) = — (sin u) where u = 2x 

dx dx 


aS Gin) SY Seoan xX 2 = 2 cos 2x 
du dx 


dy 


= = 2e?* sin 2x + 2e7*cos 2x = 2e7* (sin 2x + cos 2x) 
x 
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Example 2. If y = e* show that d?y/dx® — Sdy/dx + 6y = 0. 
With y = e” 
Oy fe : de where u = 3x 
dx du dx 
= 3" 
d*y d 
— = 3— (e*”) = 9e* 
dx? mi re 
dy _ 
dx? 
Example 3. Find dy/dx if y = ef), 


52 + 6y = Se" — 5 x 3e*” + Ge = 0 
x 


y=eM@ —e* where u = f(x) 


a 55) 
dx du dx 
< fet) = F(x)et 1.12.7) 
Exercises 12b 
Find dy/dx when 
1. y= e*, 2y=e™, 3. y= ean, 
4. y=e%. 5. y= e™, 6. y= 2”. 
y= 3", 8. y = cos x e*. 9 y=xe™, 
10. y= pe ll. y=e*logex. 12. y=esin x’. 


13. If y= ae™ + be~™ show that d?y/dx? = p?y. 
14. If y = e® show that d2y/dx? — 3 dy/dx + 2y = 0. 
15. Find m if y = e™ is such that d?y/dx? — 3 dy/dx — 4y = 0. 


12.3. LOGARITHMIC DIFFERENTIATION 


Logarithmic differentiation is the name given to a particular 
technique which can be very useful in helping us to obtain the 
derivatives of certain functions. The technique is illustrated by the 
following examples. 


Example 1. Find dy/dx if y = e”. 
With y = e™, we first take logarithms on each side to give 


loge y = loge (e*) = x* 
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‘LOGARITHMIC DIFFERENTIATION 
On differentiating this with respect to x we have 


d d 
“a etiee = 3x? 
ac Oe y) ay (x) x 


d dy 2 
— (lo .—=3 
ay’ Be Y) Fea 


* 
Edy" _. 3x8 
y dx 
so that Gy: y X 3x? = 3x? e* 
dx 


This same result can be obtained by (12.7). Consider however a 
second example: 


Example 2. Find dy/dx if y = x*, where (12.7) cannot be used 
directly. 
We have loge y = loge x” = x loge x by (1.27) 


< (loge y) = < (x loge x) 


ldy _ x cs (loge x) + loge x “ (x) by (10.4) 
y dx dx dx 


1 dy =x(*) + loge x(1) = 1 + loge x 
y dx x 


2 = yl + loge x) = x1 + loge x) 


In order to apply (12.7) we would first have to write x in the form 
x = ele%, Then (elte)* = e*@e*, (12.7) then yields the result 
above. 

These examples indicate one class of function for which the 
technique of logarithmic differentiation is appropriate, viz. those 
functions which contain a power that involves the variable, although 
if powers of e are involved (12.7) is more direct. The properties of 
logarithms sometimes make the method of value in dealing with 
algebraic functions. 


* The result d/dx (loge y) = 1/y dy/dx should be memorized once it is thoroughly 
understood how to obtain it. 
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Example 3, Find dy|dx if y = (—1)"" 
xample 3. Find dy/dx i y= (5 
The complications involved in differentiating this function arise 
from the cube root, and the quotient. The technique of logarithmic 
differentiation removes them, for with 











—1)* 1, x—1 
loge y = loge ( a } = 3 log oF) by (1.27) 


loge y = ; [loge (x — 1) — loge (x + 1)] by (1.26) 











ie = i( a 1)? __ 
ydx 3\x—-1 x41) 3@—DQ4D 
dy ze (8 = ty" 

dx  3(x?—1)\x +1 


Our readers should verify this result by other methods. 


Exercises 12c 





Find dy/dx if: 
1. y = etanz, 2. y=e", 3. y = xsing 
4. y = (sin x)*. 5. y = (loge x)” 6. y= xt], 
2 2 x + 1\1 
7. poe? + x* 8. y=e* + x* y= ( 4 
10 x2 — 1\1/4 x— 
7 ( ry i) 


12.4. POLYNOMIAL APPROXIMATIONS FOR A 
FUNCTION AND MACLAURIN’S SERIES 





1 7 1 
fo Provided x # 1, 7—~ = 


as is readily verified by simple algebra. Multiplication 


Consider the function f(x) = 
x 

ae 1—x 

of this identity by x gives 














POLYNOMIAL APPROXIMATIONS AND MACLAURIN’S SERIES 
so that on substitution we obtain 
1 x2 
——— eee ee =] + x Ber pen 
1— —x 


. 1 : x? 
i.e. —=1+x with error 
1—x —-xX 





Multiplication by x shows that 








BP es eee ae, SE 
nae + +5 
3 
so that Eee 
1—x 1— 
i.e. =1+x+x with error 
1-—*x 1—~x 


In this way we may obtain the successive polynomial approxima- 
tions l,l +x, 1+x*+27,1+ x*-+ x*?-+ 3, etc. to the function 
x x8 
l—x’1l—x’1l—x’1l—x 

For |x| <1, the errors involved by using the approximations will be 
small. Thus if x = 0-1, the error involved in using the approxima- 
. (0-1)4 
T—x 09 
percentage error of 100 (0-1)4, ie. 0-01 per cent. This is not so if 
x > 1 and the approximations are no longer so useful. 

The first polynomial above (viz. 1) is equal to f(x) when x = 0. 
The second polynomial (1 + x) and its first derivative are equal to 
f(x) and its first derivative respectively, when x =0. The third 
polynomial and its first and second derivatives are equal to the 
function and its first and second derivatives respectively when 
x = Oete. 

This suggests that in general we may be able to find a polynomial 
approximation to any function f(x) by setting 


f(x) = dy + yx + agx? +... 4: ayx™ —....(12.8) 


and choosing the a’s so that the function and its first n derivatives 
when x = 0 equal the polynomial and its first ” derivatives respec- 
tively when x = 0. 





1 : ; 
ane with respective errors etc, 








tion 1 + x + x? + x3 for the function which is a 
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The first n derivatives of the right hand side of (12.8) are: 


@, + 2a,x + 3a3x? +... + a,x") 
2a, + 3! agx +4. 3ayx? +... + n(n — I)a,x"?* 
3! ag -+ 4lax+...n(n — DM — 2)a™x" 


when x = Q, these derivatives have the values 
M4, 2! az, 3! a3, 4! ay, ...n! a, respectively. 


On equating these to f’(0), f”(0), (0)... . £"(0) we have 





pH Ogee ON es BO pa ge 
2! 3! r! n! 


a is determined by making the polynomial of (12.8) when x = 0 
equal to f(0), ie. ay = f(0). 
Thus we obtain 


f(x) = £(0) + xf"(0) +25 +... +0 .. + (12.9) 


We can now see immediately that for this procedure to be possible 
f(x) and its first n derivatives must exist and be continuous at x = 0. 
The method will fail for example for the function f(x) = loge x, 
since neither this function nor its derivatives are defined at x = 0. 

In order to obtain a satisfactory approximation the difference 
between f(x) and the polynomial (12.9) must decrease with increasing 





n, For the function 5. We saw that this was the case provided 


= 
|x| <1. In general it is not easy to evaluate the difference between 
f(x) and the polynomial (12.9). Further consideration of this 
difficult problem is beyond the scope of this course and we shall only 
record the following very important result; that there exist many 
functions f(x) which together with all their derivatives are defined 
and continuous at x = 0, and for which (for some values of x) 
the infinite series 


£(0) + xf’(0) + 


is convergent. 


2e 0 Sen rer 
xi'O) | xf Oy Oe. 
2 3! r! 
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For such functions f(x), the limit of the sum of this series is f(x), 
provided x lies within the interval for which the series is convergent, 
and we may write 

oem 0 ; ad 0 rer 0 
fo) =£@ +f +O AE, OY, 
... (12.10) 


The series on the right of (12.10) is known as the Maclaurin 
series for f(x). 





Example 1. Show that the Maclaurin series for i e = is 
ine re eee ae” ee 
1—x 
With f)= = 0-9 * £0)=1 
—x 
f(x) = (1 — xy? . £O=1! 
f"(x) = 1,2(1 — x) “. £0) =2! 
f"(x) = 1.2.30 — x4 J. £"(0) = 3! 
f(x) = 1.2.3...r(ql1—xy 2 £0) = 7! 
By (12.10) 
ie dh cote n 
re =1I+x.1+x ee ras ox a 
ee eee ae ee 
1—x 


This is an infinite geometric series and is convergent for -1 <x < 1 
(see section 2.4). 


Example 2. Assuming the series below is convergent show that 
: eee. see 
SUS Se et ay 
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With f(x) = sin x, f(0) = 0 
f(x) = cos x, fi0) = 1 
fi(x) = sin x, fi0)=0 
fii(x) = —cosx, fi) = — 
fi¥(x) = sin x, fi(0) = 1 etc. 


We can now see that the values of the successive derivatives 
when x = 0 are going to repeat the sequence 0, 1, 0, —1, 0, 1, 0, 
—letc. Thus by (12.10) 


D4 WO 4 wD 


3! prea, 


sinx=0+x. + +22 vhs ne 


It can be shown that this result is true for all x (in radians). 


Exercises 12d 

















1. Show that 
2 3 
as ee =1—x+—~=1-—x4x*- 
1+x 14+x 1+x 1+x 
x! 
=1—x4+x?—x34+ 
a 1+x 
2. Show that the Maclaurin series for ——— is 
l+x 
: =1—x+x%9—x8+...(—-1 x" 4+... 
1+x 
For what values of x will this result be valid? 
x3 x3 xs x3 x5 x? 
3. Evaluate x, x — 37 eT aT jo nt a OTH for 


x = 7/6. Compare the values with sin 7/6 = 0-5. (Compare with 
Example 2.) 
4. Assuming the convergence of the series below, show that 


x* x? 


cosx=1—F 4 E24 
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5. Using the previous question and Example 2, obtain polynomial 
approximations for sin x and cos x. Compare these with (6.60) and 
(6.61). 

6. Starting with the inequality sin x < x [see (6.59)] show by 
integration* from 0 to x that cos x > 1 — x , and then by integra- 
tion from 0 to x that sin x > x — 7 , and then by integration from 

x? 4 . 
0 to x that cosx <1 — a i+ a Z j ete. Compare with the previous 
examples. 

7. Show that if n is a positive integer (12.9) gives the polynomials 


1, 1+ nx, Ltmx +e )) 2 -l+nx+ alr tt, 


nx"! + x" as successive approniniadens to (1+ ae The last 
approximation is of course exact. What is the Maclaurin series for 
(1 + x)” when (i) nis a positive integer (ii) n is not a positive integer? 

8. For f(x) = tan x show that fi(x) = sec? x, fi(x) = 2 sec? x 
tanx, fii(x) = 4 sec? x tan? x + 2sectx, fi%(x) = 8 tan x (sec? x 
tan? x + 2 sect x), f(x) = 8 sec? x (sec? x tan? x + 2 sec! x) + 8 tan x 
d/dx (sec? x tan? x + 2 sect x). Hence show that (12.9) gives as 








. <r , x8 
successive approximations to the function tanx: x, x + > 
4 x® 2x 
sie eT 


9. Evaluate the polynomials of Exercise 8 for x = 7/6. Compare 
the values obtained with tan 7/6. 

10. Show that for the polynomial f(x) =a@-+ bx + cx? + 
dx® + ex* (12.9) gives as successive approximations (n = 1, 2, 3, 4), 
at bx,a+ bx + ex*,a+ bx + ox? + db,at+ bx + ox8® + ab + 
ex*, What is the Maclaurin series for f(x)? 


12.5. THE SERIES FOR e* AND log, (1 + x) 


In this section we shall use (12.10) to obtain the Maclaurin series 
for the functions e® and loge (1 + x). [We have already mentioned 
that the method of (12.9) will fail for the function loge x but as we 
shall see it is satisfactory for loge (1 + x).] 





If f(x) = e 
fy =P) =fWD=...=fx)=...=e& 
0) =f'0) = f"0) =... =f) =...=1 


* See next chapter. 
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by (12.10) 
e=1+x.14x?. ata Le. a AS gc 
3! r! 
Peal x" e x! x" 
Seah ot ae ae voy . (12.11) 


It may be shown (although the methods required are beyond the 
scope of this book) that this series is valid for all values of x. 


Tf we replace x by (—x) we obtain 
(=x) =a Ley ey... 


=1+(-x)+-—- 3 4! 
ee eas feel (<1 
i.e. e aoe aa Gy gee 7 +. 
... (12,12) 
For the function loge (1 + x) we have 
f(x) = loge (1 + x) .. £00) = loge 1 
=0 
fix) = (1 + xy Oe 
fH(x) = —1(1 + xy? “. f80) = -1 
fiil(x) = (—1)(—2)(1 + x)°3 “. FO) = 2! 
P(x) = (— 1-2-3) + 2) “. F(O) = 3! 
-[-@—D)]d+x)7" o£") = 
(-—D"7"@— 1)! 


£*(x) = (—1)(—2).. 
== (—1)"1a — 1)! +x)" 

Thus the Maclaurin series for loge (1 + x) is 

4! 


loge (1 +2) = 0 +x.1 42%, 9 4 98,5 4 5) 


i.e. 
Me ee. ee 
loge(l+x)=x—-—-+>-—4>-—$4... 
Be (1 + x) > a 3 4 5 + 
It may be shown that this series is convergent only if —1 <x < 1 


Thus more precisely we have 
x 4 =I rls 
a2 ees ae Ara 


loge (1 +a) Sa oS 7 
. (12.13) 


for -1<x<1l 
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If we replace x by (—x) in (12.13) we obtain 


iio woe Ca text 


for -1<x<1 
2 3 4 


i.e. 
2 3 4 5 r 
1 1-2) = —( S+EHE LEH. GE...) 
oge (1 — x) Meg Pe 
for—1<x<1_ ....(12.14) 


Example 1. Calculate e to 3 decimal places. 
From (12.11) 


x? x? x4 
#1 a Oe 2 
° we ar ap 
With x = 1, 


1,1,1,1,1 
tre tl ay att et ten 


= 1-0000 + 1-0000 + 0-50000 + 0-1667 + 0-0417 
+ 0-0083 + 0-0014 + 0-0002 +... 
= 2-718... 


and this result is accurate to 3 decimal places since the remaining 
terms of the series do not affect these places. (Compare this value 
with the value obtained in section 12.1.) For values of x < 1 
(or >1) it will require fewer (or more) terms of the series (12.11) to 
obtain the same accuracy for e”. 


Example 2. Find the Maclaurin series for e®”. 
From (12.11) 


> Ew. Gere, & 
xX __ pas i — 
ae Sa eer irr es arr 





with X = 3x, 
30 (3x)’ _, (3x)? 
e*=1+3x+ I + 31 Se 
9x* 27x? 81x* 3°x" 


259 


THE LOGARITHMIC AND EXPONENTIAL FUNCTIONS 
Example 3. Evaluate loge (1-1) to 4 decimal places. 


x? x8 xt x? 
loge (1 =x—--—4>--—--—4--... for—-1l< 1 
Be (i + x)= x abe ree or x< 


with x = 7, which is within the range of convergence, 


loge (1:1) = 0-1 — = di a _ _ ifs — jayne 


= 0-1 — 0-005 + 0:00033 — 0-000025 + 0-000002 —... 


= (0-100335) — (0-005025) +... 
= 0:0953 to 4 decimal places 


Example 4. Show that for small values of x 
2 3 
(1 + 2x)e~ + loge (1 + 2x) = 1 + 3x -& += 
By (12.12) and (12.13) 
(1 + 2x)e~* + log, (1 + 2x) 
x? x8 ) 
== (1 + 2x){1 — —-——+... 
(i + »( AE ae + 


_ 2x)? , (2x)? _ (2x)! 
+ [2x p) a 3 4 +...| 


2 3 3 
m1ax FEE pax —astp tp de ost et. 


=1 +3x— iat +3" as far as terms in x°. 


The Calculation of Logarithms—The series (12.13) and (12.14) for 
loge (1 + x) and loge (1 — x) are convergent for —1 <x < 1, and 
—1 <x <1 respectively. They will therefore only allow us to 
calculate the natural logarithms of numbers from just above zero 


to two. 
260 


THE SERIES FOR €* AND log, (1 + x) 


Some simple manipulations of these series enable us to extend 
this range. Provided —1 <x <1 


x 


log, (2) = log, (1 + x) — log, (1 — x) 





1+ 1 1 1 1 
log, (2) =o(xtiestestergios..] 


... (12.15) 
With x = 4, 


loge (2) =2(t+4+4 i +oot..) 
4 2 24 160 896 4608 
log, 3 = 2(0-5 + 0-041667 + 0-00625 + 0-0011161 
+ 0-00021702) 
= 2(0-54929) 
= 1-0986 
Example 5. Show that if n is positive 
pein ewan ee er peeleced 


From (12.15) 





1 1 1 1 
log, (=) = 2(x +hetivstey..) 


with LH? n, x = t+ which is less than 1 if nis positive. 
1—x n+1 


n—1 1(2— A} (n=) | 
I =O (epee ae. 
“per fee n+1 5 n+1 as 
... (12.16) 
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This series is quite useful for calculating logarithms However, 


=I 
Ti is near to one and a large number of 
terms of the series (12.16) will be needed to obtain a satisfactory 
approximation to loge n. 

With n = 2 we have 


tog.2=2(5+4.544.44..,) 
= - . = 5 3 a 

This series is clearly a better way of calculating log. 2 than the 

series (12.13) with x = 1, viz. 
loge2=1—$+4—44+4-F+4.. 
Exercises 12e 

1. Use the series (12.11) to evaluate Ve and 1 /e correct to four 
places of decimals. Check your results from tables. 

2. Use the series (12.13) to evaluate loge (1-2) and loge 0:9 correct 
to four places of decimals. Check your results from tables. 

3. Use (12.11) to write down the first few terms of the Maclaurin 
series for (i) e?* (ii) e-®* (iii) e**. 

4. Use (12.13) to write down the first few terms of the Maclaurin 
series for (i) loge (1 + 2x) (ii) loge (1 — 3x) (iii) loge (1 + x*). For 
what values of x are these series valid? 

5. Show that loge (3 + 4x) = loge 3 + $x — 8x? + $4x5 — 
and state the limits between which x must lie for the expansion to be 
valid. 

6. Show that 


if. 1 ees ee 1 
-(e—+)el4o4o424,.,, 
(: 4 Pay a a meat 


for large values of 7, 





and write down similar series for = (© + <): 


7. If x is so small that x* and fie powers of x can be neglected 
show that e” + loge (1 — x) = 1 — 4x5 approximately. 
tant*x  tan®x tan®x 
ra aa 
.. For what values of x is the expansion valid? 
9. If x > 1 show that 


log. (+4) = 2(2 +osteat. 2) 


By putting x = 3 evaluate loge 2. 
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8. Show that loge sec? x = tan? x — 





EXERCISES 


10. Show that if x is so small that x4 and higher powers of x may 
be neglected 


loge (1 — 2x — 3x?) = —2x — 5x? — 2833, 
[Hint: loge (1 — 2x — 3x?) = loge (1 — 3x)(1 + x) 
= loge (1 — 3x) + loge (1 + x)] 


EXERCISES 12 


1. Differentiate the following functions with respect to x 
(i) (3x? — 1) loge x (ii) e* loge 2x (iii) e-®* cos 4x. 

2. Differentiate with respect to ¢ (i) loge (1 + e**) (ii) loge (tan $2) 
(iii) loge (cot t + cosec f). 

3. If y = x" loge x show that x dy/dx = x” + ny. 

4. If yloge y = x find dy/dx in terms of x and y. 

(J.M.B., part) 

5. If y= e*cos4x find dy/dx and express it in the form 
Re™ cos (4x + «), where R is a positive constant; state the cosine 
and sine of the constant angle «. Hence write down d?y/dx? in a 
similar form. (J.M.B., part) 


; . df e ) in d ( log 6 ) 
6. Find — —|—-—__ }. 
£( — e (i) d6\@ + log 6 


7.Find (i) < (e78™*) (ii) < sin (loge x)]. 





8. If y = sin (loge x), show that 


2 
oF tet yao, 


9. Show that 
; d 2 BS, rae See 
(i) as {log, [x + VX + 1} Jee +1) 
yy a a 
(ii) 5, Hoge [x + J? — DP} Tea y 


10. Differentiate with respect to x (i) loge /(x+1) (ii) 
loge L/(x + 1) + J@ — 1]. 

11. Show that if y = xe, d#y/dx? + 2 dy/dx + y =0. 

12. Show that if y = e-* sin 5x, d?y/dx? + 4 dy/dx + 29y = 0. 
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13. If y = 2e-* — e* show that d?y/dx? + 2 dy/dx — 8y = ke® 
where k is a constant, and state the value of k. (J.M.B., part) 
14. If y = loge (1 + cos x), show that 


d8y/dx3 +- d®y/dx?. dy/dx = 0. 
15. If y = e*""** show that 
(1 + x?) d2y/dx? — (1 — 2x) dy/dx = 0. 


16. If y = e~** cos 4x show that d®y/dx? + 4 dy/dx + 20y = 0. 

17. If y = tan“! (e*) show that d?y/dx? = 2(dy/dx)? cot 2y. 

18. If x = 7, y = loge t, find dy/dx and d*y/dx in terms of ¢. 

19. If x =e’, y = loge t, find dy/dx and d?y/dx? in terms of ¢. 

20. Find the stationary value of “8s 2 

21. Show that y = xe~* has one maximum value which occurs 
when x = 1. 

22. Find the positions of the points of inflexion of the curve 
yore, 

23. Find the equation of the tangent to the curve y = e* at the 
point (0, 1). 

24. Find the position of the point of inflexion on the curve 

= xe~*, Sketch the graph. 

25. The speed of signalling in a submarine cable is given by 
Kx* log (1/x) where K is a constant and x is the ratio of the radius 
of the core to the thickness of the insulating material. Show that the 
speed of signalling is a maximum when x = 1/,/e. 

26. Show that if v = 100p(1 + loge r) — 100gr where p and g are 
constants then v is a maximum when r = p/q. 

27. Find the position of the point of inflexion on the curve 





2 
y = loge x + x Sketch the graph. 


28. For what values of x is the derivative of xe-*" zero? 
29. Differentiate with respect to x (i) (loge x)!8e* (ii) x* + eta, 


30. Ify = =( men 5] find dy/dx. 


31. Find the gradient of the tangent from the origin to the curve 
y = loge x. Hence, by considering a sketch of the curve find the 
range of values of the constant K for which the equation loge x = 
Kx has two unequal roots. 
Draw a graph of y = loge x from x = 1 to x = 1-9 and use it to 
find to two decimal places the smaller root of 4 loge x = x. 
(J.M.B.) 
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32. Show that 1 < e*<e* forO<x<c. By integrating* this 
inequality from 0 to x show that: x < e* — 1 <e*x and then by 
x2 3 


x? x 
the same method that — <e*7—x-—1<e’ and that 31 < 











2! 2! 
x? x8 
eo — 5, —x¥ — 1 <e? 5 ete., to 
n+l n n—1 2 n+1 
x eas x Sg Sees tp cate : 
(n+! nt! (n—1)! 2 (n + 1)! 
x? x? 
Deduce that the difference between e* and 1+ x-+ aI ews Ti 


tends to zero with increasing n. 
33. Show that e* loge (1 + x2)=<=x®-+ dx4-+ 4x® for x <1. 
0.1 


Find the approximate value of [ en? log (1 + x?) dx*. 


9 
34. Assuming the convergence of the series below show that 
(i) secx = 1+ 4x2 + $x4+... 

(ii) loge cos x = —$x? — yyxt — ggx8 +... 

(iii) loge (1 + e”) = loge 2 + 4x + 9x? —ahaxtt+.... 

35. Write down the expressions in powers of x, as far as the term 
in x®, of (i) e-®* (ii) (1 — 4x)/2. Use your series to find to five 
decimal places the difference in the values of these two functions 
when x = 0-01. (S.U.J.B.) 

36. Show that if —4 << x < 4 then 

3 4 
log, (1 +x — 2x?) =x 23" += _-= +... (L.U., part) 


37. Obtain the expansion of loge (1 + x + x*) (Gif x <1) in 
powers of x. State the coefficients of x3%-}, x8", x8"*1, 


— 3 
(int: ltxtat=4 =) 





—x 

38. (a) Expand loge cos @ in a series of ascending powers of 
sin? 6, giving the terms up to sin® 0, and the general term. For what 
values of 6, in the interval 0 < 6 < 7, is the expansion valid? 

(b) Given that y= (2+ x)®e~, find the expansion of y in 
ascending powers of x as far as the term in x*. Find also the ex- 
pansion of loge y in ascending powers of x as far as the term in x’, 
and state the coefficient of x”. (J.M.B.) 

39, (a) Expand the function e~®*/(1 — x)? in a series of ascending 
powers of x up to and including the term in x°. 


* See next chapter. 
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1 6 
(6) Prove that aes = cot? $8. Write down the first three 


terms in the expansion of loge (1 + x) in ascending powers of x. 

Express loge cot® 46 as a series of powers of cos 0, giving the first 

three terms and the nth term. (J.M.B.) 
40. Use (12.15) to show that 


1 if 1 ¥ 11 ¥ 
; —*_) =2/ 2( 2( 7 
08 (— an 1 3\mn—1! * s\on a) + 


provided n > 1. Hence evaluate in succession loge 2, loge 3, loge 4, 
loge 5, loge 6. (Some of these may be checked using the first two 
values.) 
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THE BASIC IDEAS OF INTEGRATION 


13.1. INTRODUCTION 


IN the preceding chapters we have been considering the problem of 
finding the differential coefficient or rate of change of a given 
function. The integral calculus to which we now turn our attention 
is concerned with the inverse problem, viz. given the rate of change of 
a function, to find the function. In symbols we require to find f(x) 
where 


dhe) = g(x) ... (13.1) 
dx 


and g(x) is given. It is more usual to write 
f(x) = | g(x) dx ... (13.2) 


and we define integration as follows. 

Definition—The integral of a function g(x) with respect to x is the 
function whose differential coefficient with respect to x is g(x) and it is 
written f g(x) dx. 

The reason for this notation will be explained later (see section 
13.6); meanwhile (13.2) is to be regarded as an alternative way of 
writing (13.1). 

If we are required to find { 3x?dx then f 3x? dx = x® because 

3 
se = 3x*, Similarly 


{sin x dx = —cos x because d(— 608 2) = sin x 
( ee log, x because a (log, x) = A 
x dx x 
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13.2, ARBITRARY CONSTANT 


We recall that the differential coefficient of a constant is zero : 
hence there is not a perfectly definite value for the integral. In the 
previous three cases we have the more general results. 


| 3x*dx =x +C because < (x® + C) = 3x? 
x 
[sin xdx = —cosx +C because < (—cosx + C) =sinx 
x 


[B=t0.x+¢ because 4 og.x HEy=t, 
x dx x 
An arbitrary constant can always be added to the result and hence 


| a(x) dx = f(x) +C 


This is known as the indefinite integral of g(x). 


13.3. STANDARD FORMS 


To find f(x) given g(x) means that we have to retrace the steps we 
made in the process of differentiation and then add an arbitrary 
constant. Unfortunately there is no general method for doing this, 
but a few of the more common integrals can be stated from our 
knowledge of differential coefficients. These results are known as 
standard forms. 








[sin xax = —cosx +C 
[eos x ax =sinx +C 
ferax =e+C 
z Cal . 
x” dx = +C provided n 4 —1 
n+1 
= =log,x +C 
dx 1, 4x 
=-tan~-+C 
[as Pia a ; 
ay ais aconstant 
Wax) sin t= +C 


STANDARD FORMS 


The ‘dx’ which appears in all these integrals indicates that the 
integration is with respect to x. Thus while we have that f cos x dx = 
sin x + C, f cos x dy cannot be evaluated unless more information 
is available to enable us to change the integral with respect to y 
into one with respect to x. 

It cannot be emphasized too much that the ‘x’ in the above list 
stands for any variable quantity and could just as well be written 
as y, z, u, v etc. Thus 


feray=ertec 


du 1, _,u . 
=>tan™-+C 
ee 3 3 





[22 = 08,2 +C 
Zz 


Example 1. Integrate the following functions with respect to x: 


(i) x8 (ii) x (aii) 1fx® (iv) 1/28 (ve) 1/./(9 — x?) (vi) 1/(25 + 2?) 


(vii) sin? 3x. 
9 
(i) Gs dx = = +C 

9 

(ii) [eras =[x°ax == ae +c=nix84¢ 

4/3 4 
(iii) faa =| Max = pCa L4G 
x 5x° 


—1/2 


: 1 ¥ zs x —2 
(iv) \ja& =| Vee = a a eal 





2 


1 - 1X 
(v) laape=s 3 +C 


1 1 x 
vi =-tan?=+cC 
( 0 bree 5 50 


(vii) For f sin® 4x dx we notice that this integral is not included 
in our list of standard forms. However, and this is not an uncommon 
device, it is possible to rewrite sin? 4x by means of a trigonometric 
identity in a form which is immediately integrable. Thus since 





cos x = 1 — 2sin® $x 


vax 4 
sin" — = = (1 — cosx 
5 5S ) 
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and sin? ax -{(% — Ds x] dx 
2 2 2 


=5x—jsinx +0 


Example 2. Find y in terms of x if d?y/dx? = 6x — 4 and further 
y = 0 when x = 0 and dy/dx = 3 when x = 0. 
Since d?y/dx? = 6x — 4 


WY — [6x — 4) dx = 3x*¥— ax + 
x 


Since dy/dx = 3 when x = 0 
3=C 
so that dy/dx = 3x? — 4x + 3 


y= [Gxt — 4x 4 3) dx = x9 — 284 4 3x + D 


But since y = 0 when x = 0, D = 0, so that y = x3 — 2x? + 3x, 


Exercises 13a 
Integrate the following functions with respect to x: 
1. x5/8 x1 x —2/8 8/x? x x, x2 
he ee ae aes Oe Sens oe 


“De ae ee ae ve 
1 1 1 a. 


* Yas _ A Ja — 2: a aye)? at =x)" JG6 — x*) — x?) 
e re x = oe x a x ae 
5. sec? x, cosec® x, cos? 4x (see Example 1 (vii) above), tan® x 
(Hint: use sec? x = 1 ++ tan? x), cot? x. 
5+x—2x? 1+ 3x — 5x 


6. ; 
x® a/x 
7 ax® + bx +e 2x” + 3x? 1+ 3x + 5x? 
‘ x7 ?, x> 2 x” 
2 
8. (1 — x98, (1 + 5x), EY 
x 


6 


. ———,——. 8 cos x — 6 sin x. 
cosec x’ sec x 
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10. Find y in terms x if dy/dx = 3x? — 6x + 2 and y =7 when 
x= 0. 
11. Find v in terms of ¢ given that dv/dt = 5 — 2kt where k is a 
constant. If v = 0 when ¢ = 0 and v = 1 when t = 1 find the value 

of k. 

12. Given d2x/dt? = 3 sin ¢ and that when t = 0, dx/dt = —3 and 

d2 

x = 0, find x in terms of ¢. Hence show that = +x=0. 

13. The slope of a curve at any point (x, y) is equal to sin x and 
the curve passes through the point (0, 2). Find its equation. 

14. What curve passing through the origin has its slope given by 
the equation dy/dx = (x? — x)?? 

15. A particle starts from rest at the origin and moves along the 
x-axis, The acceleration of the particle after time ¢ is given by 


d?x/dt? = 1227 — 60t + 32 


Find an expression for x at time ¢. Hence find the times at which 
the particle again passes through the origin. 


13.4. FIVE IMPORTANT RULES 
All these rules follow from the definition of integration as the 
reverse of differentiation. The first two rules will just be stated. 
I. The integral of a sum of a finite number of functions is the 
sum of their separate integrals. (‘‘Sum” includes the addition of 
negative quantities i.e. “‘difference.””) 
Example 1. 


fo + sin x + ,/x) dx =[x dx + {sin x dx +f vx dx 


3 


x 2 3/2 
=——cosx+-x C. 
3 3 


Example 2. fee — cos x) dx = fe dx — Joos x dx 


=e*— sinx+C. 


II, A constant factor may be brought outside the integral sign. 
Example 3. [ox dx = 6 f= dx = 8x6 + C. 
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du 


Example 4. iP du =5|— = Slog.u+C. 
u u 


Example 5, [co cos x — 4x") dx = 6 Joos xdx—4 [= dx 


= 6sinx — $3 +. 


The third and fourth rules extend the applications of our standard 
forms. 

Consider f cos (x + 3)dx. From our standard forms the result 
is possibly sin (x + 3), On differentiating sin (x + 3) with respect 
to x, we do, in fact, obtain cos (x + 3). 

Therefore f cos(x + 3)dx = sin(x + 3) 4- Cand similarly f e?-*dx = 
ev 24 C, 





| ees = log.(x ta) +C (a is a constant) 


x+a 

dx 1 x—2 
——————_— = - tan ——_ Cc 
(5 3 3 7 


hence the rule: 
III. Theaddition ofa constant to the variable makes no difference 


to the form of the result. 

Now consider f cos 5x dx. From our standard forms the result 
sin 5x is suggested but on differentiating this latter function we 
obtain 5 cos 5x. Since this only differs by a constant factor 5 and 
not a variable factor from the required sin 5x we find that 4 sin 5x 
when differentiated gives the required result. Therefore 


feos 5x dx = #sin5x +C 


Similarly | e#dx=—fe"+C 


feos% ax = (sin®) /4=3 sin + 
3 3/1 3 3 


dx dx 1. _, 2x 
eee SS eee nn _ GC. 
| Jo — 4x4) J Vo—@n) 2°" 37 
hence the rule: 
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IV. Multiplying the variable by a constant makes no difference 
to the form of the result but we have to divide by the constant. 
Rules III and IV may be applied together. 


Example 6. fen dx = fe #4 C. 
dx 

Example 7. [= = —log(2 —x) + C. 
—x 


Example 8. [Ve + 3) dx = [x + 3)? dx 


= (5x + 37 1 


+C. 
3 5 
4 — 3x)? 

E. le 9, [s-le- 3xy Pd. G—pyr(4) Cc 
xample (@— 308 ( x += ari a + 
a AS sale 3 ey 
12(4 — 3x)! 

epmiatd. pe ow the denominat 
xample 10. | a3 ° e express the denominator as a 


sum of squares. 


dx _ dx _1)4@+2) 
legge Gia oe a 


d 
Example 11. learreer We express the expression under 


the root sign as the difference of two squares. 


x 
} J(2x — 9x*) -| Ji? — Gx —2))] - 3% a oie 
Another useful rule is obtained by considering the derivative of 
loge [f()] 


a 1 4d o,f) 
gy eet ax Ie) 
hence > dx = log, [f(x)] + C. 
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V. The integral of a fraction whose numerator is the derivative 
of its denominator is the logarithm of the denominator. 


4x? — 1 


Example 12. | 
4 x'—x+2 


dx = loge (xt —x +2)+C. 





2 
Example 13. | 3% - dx = loge (x? +1) +. 
x 


In some cases a constant factor has to be inserted to make the 
numerator exactly equal to the derivative of the denominator. 


Example 14. 
Jee. x+1 dx = [222 2x +2 
x? + 2x +5 x? Tox 45% 
= Floge(x* + 2x +5) +6. 
Example 15. 


eo ele 3e% 1 F 
= dx = - on = loge (e** — 1 C. 
[soe 3J 3 10Be ( ae 


The separation into f’(x)/f(x) may not always be obvious. 





Example 16. 
d E dx 
ps -{2 = loge (loge x) + C. 
x loge x loge x 
Example 17. 
tan x dx = (22 x Lae 2 ———_ dx = —logecosx + C. 
Cos x cos xX 
Example 18. 





1+ x? a 
= dx = 1 t C. 
ere + ay tan? x EE: a as Mas 
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Exercises 13b 


Evaluate: 
1. @) fox + 3)"dx (ii) [cs — xy" dx (iii) [ver + 5) dt 


(iv) Jou — 5)? du. 


‘ dx os dx phy dx 
ma } Getpe = J Jox+n J a — x? 
; dy 
w J Yl —3y) 
3. (i) | sin (3x + 3) dx (ii) | cos(Su — 1) du (iii) [sin (1 — y)dy 
(iv) | sin? x dx (v) | cos? x dx. (Express sin? x and cos? x in terms 


of cos 2x.) 


4. (i) fe a-® dx (ii) J b(t?) dt (iii) fer du. 


5. (i) {= Z (ii) [3 & (iii) foot x ax 
(iv) |= 7h (v) Jeet 


(vii) ie, dx (viii) { 
(x) [eee + sin x 4. 


cos x — sin -" 




















log u? m » [i 


x 


ve ores ¢ » len (i) Fewer 


vee eres Va — ac ” J Vas — re — 4x") 





du 
i) i 8 + 2u— wh) 
8. (i) |=2 aa (ii) fe — 39"? at (iii) we 








@ [a wy fA, (0 Sama 


10. (i) [2szsee * ay cin) [|e sin 2u 
1 + tan? x aa 
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dx 1 
Note on log, x—Consider lS as log, (ax — b) + C. Alter- 


b 
: dx dx 1 } 
natively les apo hoa log, (b — ax) + C. Either of 
these forms may be valid and the correct result is a 1/a log |ax — b| 
where |ax — b| is the positive numerical value of ax — b (the 
modulus of ax — 6). While the modulus sign will not always be used 
it must be remembered especially for definite integration (see 


section 13.6). 


13.5. APPLICATION TO GEOMETRY AND MECHANICS 


The problem of finding a function when its differential coefficient 
is given has many applications in geometry and mechanics. Generally 
the arbitrary constant which arises can be evaluated by referring to 
the initial conditions or to some specific value the function must 
possess. 


Example 1. A curve passes through the point (1, 6) and is such 
that its slope at any point equals twice the abscissa of that point; 
find its equation. Here we have dy/dx = 2x. Therefore, on inte- 
grating, we have y = x? + C. But the point (1, 6) lies on the curve; 


hence 6=124+C 
5=C 
the required equation is y = x? + 5. 
Example 2. A particle starts from rest with an acceleration (10 — 2¢) 
ft./sec? at any time ¢. When and where will it come to rest again? 
Since acceleration is the rate of change of speed (v) with respect to 
time 


ae eer 
dt 


Hence v = {ao — 2t)dt 


v=10t—-VP+C 


But the particle starts from rest so that v = 0 when t = 0; hence 
C = O and v=10t—2 


ie. v = t(10 — 2) 
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The body is at rest when v = 0, that is when 1(10 — t) = 0 or when 
t=Oor 10sec. If s is the distance travelled in ¢ sec 

OS v= 10t— #? 

dt 


s = [oe — t’)dt =5—4°+D 


where D is an arbitrary constant. If s is the distance measured 
from the starting point s = 0 when t = 0; hence D= 0. Thus 


s= 50— 48 
and when t = 10 
s= 5.10? — #108 


ie. s = 1663 ft. is the distance travelled before the particle comes to 
rest again. 


Exercises 13c 

1. Find the equation of the curve whose gradient is 1 —- 2x? and 
which passes through the point x = 0, y = 1. (L.U.) 

2. At a point on a curve the product of the slope of the curve and 
the square of the abscissa of the point is 2. If the curve passes 
through the point x = 1, y = —1, find its equation. (L.U.) 

3. A particle starts with an initial speed of 20 ft./sec. Its 
acceleration at any time ¢ is 18 — 2t ft./sec?. Find the speed at the 
end of 6 sec and the distance travelled in that time. 

4. A particle starts with an initial speed u. It moves in a 
straight line with an acceleration which varies as the square of the 
time the particle has been in motion. Find the speed at any time 
t, and the distance travelled. 

5. A particle is projected upwards with a velocity of 96 ft./sec. In 
addition to being subject to gravity* it is acted on by a retardation 
of 16t where ¢ is the time from the commencement of the motion. 
What is the greatest height the particle will reach? 


13.6. INTEGRATION AS A SUMMATION 


We shall now show that an alternative way of regarding integration 
is as the limiting value of a summation. This method of approach is 
of great value in applying integration to physical problems. Inci- 
dentally, it also explains the use of the symbol f which is an elongated 
“S” for “sum”. 


* The acceleration due to gravity should be taken as 32 ft./sec* in the down- 
wards direction. 
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Consider Figure 13.1 where K and B are the points (a, 0) and 
(d, 0) respectively. 

DC is an arc of the curve y = f(x), P is a variable point on the 
curve with co-ordinates (x, y). Q is a neighbouring point on the 
curve whose co-ordinates are (x + 6x, y + dy). We denote the area 
DPLK by A. Since D and K are fixed, A depends on the position 
of P (x, y) and is therefore a function of x, A(x) The area PQML 
can be denoted by 6A, the increase in A due to an increase 6x in x. 
Referring to the diagram we have 


Area rectangle PRML < 6A < area rectangle SQML 





Figure 13.1 


(If the slope of the curve is negative both inequality signs are 
reversed.) 


ae PL.LM < 64 < QM.LM 
ie. y 6x < 6A < (y+ Oy) 6x ».. (13.3) 


Now let KB be subdivided into n equal parts each of length 6x 
(such as LM). Then by drawing ordinates at all the points of sub- 
division n strips like SQML are obtained. Summing over all such 
strips we have 


w=b 


a=d 
> y 6x < area DKBC < 5 (y + 6y)dx—....(13.4) 
c=a e=a 

Now consider the difference between the two extreme quantities 
in the inequality (13.4) 


w=b a=b a=b 
Dy + dy) dx — ¥ y dx = ¥ dy dx 
e=b 
= 6x x } dv 
=a 
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since 6x is the same for all points of sub division 
= 6x. CE (see Figure 13.1) 


Now since dx = BE = bes ... (13.5) 


n n 
éx may be made erbinanly small by i sncreasing | n t sufficiently. Hence 
the difference between py (y + dy) 6x and by y 6x can be made 


arbitrarily small. Since “the area DKBC lies ‘between these two it 
follows that 


Area DKBC = Limit < y 6x ... (13.6) 


6270 x=a 


Returning to the inequality (13.3), since we are dealing with small 
but finite quantities, we may divide throughout by dx and hence 


6A 
y<—<ytody 
8x 


Now as 6x — 0, 6A —> 0, and dy — 0, so we have 


Limit oA =y 
b2>0 OX 
dA _ 
dx 


hence A = f y dx from our definition of integration as the reverse 
of differentiation. 

We note that, as yet, there is no definite value for the area because 
J ydx involves an arbitrary constant. This is because A, as we 
remarked earlier, is a function of x. Thus f ydx gives the area 
measured from an arbitrary origin to the point x. Referring to 
Figure 13.1 


Area DKBC = area up to CB (x = 5) — area up to DK (x = a) 
= A(b) — Aa) 


Thus to find the area between the curve y = f(x) and the x-axis 
we first find the indefinite integral fy dx or [ f(x) dx. We then 
substitute x = b, and x = a respectively in the indefinite integral 
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and subtract the two results. The notation adopted for this definite 


z= b b 
integral is [ f(x) dx or more shortly { f(x) dx or i ydx. Thus 
a=b @ @ 
b 
Area DKBC = i y dx . «+ -(13.7) 


Finally we note from (13.6) and (13.7) that 


a=db b 
Area DKBC = Limit 5 y 6x = { ydx  ....(13.8) 


6270 aa 


Example 1, Find the area between the curve y = x, the x-axis 
and the ordinates x = 2 and x = 6. 


== 320 square units 





2v3 dx 
Example 2. Evaluate | ‘ 
2 x*+4 





2 
_ia_iaria 
2 24 24 


Example 3. Find the area between the curve y = x(6 — x) and the 
line y = 5. 
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Figure 13.2 shows the curve and the line. The area required is the 
shaded region. The abscissae of A and B are given by the solutions 


of the equation x(6—x)=5 
i.e. x? — 6x+5=0 
: (x — 1)(x — 5) =0 
i.e. x=1 or x=5 






C(1,0) D(5,0) 





Figure 13.2 


5 
Thus required area = { x(6 — x) dx — area ABCD 
1 


375 
= [3 -=| —4x5 
1 


= 72 — = —20= > square units 
Exercises 13d 


Evaluate the following definite integrals: 

1 3 
1. @ | x? dx (ii) I x? dx (iii) “xs dx. 
iY 2 


-1 
1 3 
2. (i) [ore (ii) | y* dy (iii) ii y° dy. 
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3. (i) [vs dx (ii) [ We dx (iii) of he 
Ola wl ar 
On ee Coe nC of a 
.@ i V(x + 5) dx (ii) ie oe + 5) dx. 
7. (i) ie cos3xdx (ii) © sin (5x += 2) ax 








a 





a 





8. (i) [re 32 dx (ii) f° e7 © dx (iii) | e?* dx, 
9. fe (ii) [2 (iii) [. 
10. (i) ie eer (ii) if as 


(iii) i ee 
1/(8 + 2x — x?) 

11. Find the area between the curve y = x* +- 9x, the x-axis, and 
the ordinates at x = 0 and x = 3. 

12. Find the area between the curve y = x*+ x®, the x-axis 
and the ordinates at x = 0 and x = 1. 

13. Find the area between the curve y = sin x and the x-axis 
between x = 0 and x = =. 1 

14. Find the area between the curve y = ta the x-axis and 
the ordinates at x = —1 and x = +1. x 

15. Find the area between the curve y = 3 + 7x — x? and the 
line y = 9. 


EXERCISES 13 


1. Evaluate (i) f (2x — 1)* dx (ii) f (2x — 1)** dx. 
2. Evaluate (i) { (2x2 — 1) dx (ii) § (2x4 — 1)? dx. 
3. Find the indefinite integrals with respect to x of: (i) /x(x — 1)? 
ey (x —a)(b—x) (a,b constants). 
4, Evaluate 


cy [SH8=2 a (iy [LARD 4, 


a/% 
(iii) | a axes 
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5. Evaluate 


(i) ie (sin 2x + cos 4x) dx (ii) [ “i e' x -+ cosec” x) dx. 


6. Find the equation of the curve whose slope at any point is 
2x — 3x? and which passes through the point (1, 1). 

7. The gradient of a curve at the point with abscissa x is given by 
dy/dx = a-+ bx. If the curve passes through the origin and has 
slope 1 at this point find the value of a. If the curve also passes 
through the point (1, 3), find its equation. 

8. From any point P on a curve, PA is drawn perpendicular to 
the y-axis. The tangent at P meets the y-axis at B. If PA. AB = k? 
find the equation of the curve. 


d?y 1 dy a : 
9. Ifa 3 = 4+ sand [= 0 when x = 3, find y as a function 


of x, given y = $ when x = 1. 
10. Find the area between the curve y= cos x, the y-axis, 
the x-axis and the ordinate at x = 7/4. 


1 
11.* The gradient of a curve at the point (x, y) is (x ~ 5) and the 


curve passes through the point (1,2). Find the equation of the 
curve. Show that the area enclosed by the curve, the x-axis and 
the ordinates x == 1, x = 2 is 4 — 2 log, 2. (L.U.) 

12. Find the area between the curve y = (sin x + cos x)’, the 
x-axis and the ordinates at x = 0 and x = 7/2. 

13. Find the area between the curve y = 1 + 9x — x? and the 
line y = 9. 

14. Find the area between the curve y = 5x — 2x? and the line 
y=x. 

15. A body moves under a constant acceleration f. If its initial 
velocity is u and it starts from some origin at time t = 0, show that its 
velocity and displacement s from the origin are given by v = u + ft, 


1 
s=ut-+4ft. By writing its acceleration as 5 — (v”) show that 
ve = 42 + 2fs. 2 ds 
16. pate that the expression for acceleration dv/dt can be 


1d 
rewritten ta 5). Hence, if the acceleration of a particle is equal to 


16s and v = is ft./sec when s = | ft., find the velocity of the particle 
in terms of s. 

17. The equation of a curve is of the form y = ax? + bx +c. 
It meets the x-axis where x = —1 and x = 3; also y = 12 when 


* Note that J loge x dx = x loge x — x 
283 


THE BASIC IDEAS OF INTEGRATION 


x = 1. Find the equation of the curve and the area between it and 
the x-axis. (L.U.) 
18. A particle is subject to retardation equal to 32 + 16¢ at any 
time ¢. Initially its velocity is 40 ft./sec. Find how long it takes to 
come to rest and how far it is then from its starting point. 
19. Verify the following results: 


1 dx “i ag i 
i) | —— = 33-1 (ii | ee 
@ l J@—2m~V ©), Jes) 43 
20. Show that sin 3x = 3 sin x — 4sin?x and hence evaluate 


7/2 {2 
[ sin® x dx. In a similar manner evaluate [ 2 cos? x dx. 
0 0 
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14 
SOME METHODS OF INTEGRATION 


14.1. INTRODUCTION 


IN the previous chapter we introduced the basic ideas of integration. 
The examples used involved only simple integrals, which were 
obtained from the inverses of differential coefficients (section 13.3) 
or the simple extensions made possible by the five rules (section 
13.4). The object of this chapter is to examine several ways in which 
more involved integrals can be resolved into simpler forms which can 
then be recognized as standard integrals. While several important 
methods of integration will be examined it must be realized that not 
all available methods are covered here. 

Ability to integrate readily only comes with experience and the 
student is well advised to work through as many exercises as possible. 


14.2. INTEGRATION OF RATIONAL ALGEBRAIC 
FRACTIONS 


We now consider the integration of rational algebraic functions, 
by which we mean fractions whose numerator and denominator 
each contain only positive integral powers of x with constant 
coefficients. In all cases, if the numerator is of the same or higher 
degree than the denominator, we first divide out. Thus we shall 
have one or more terms (in x, x?, etc. or a constant) which can be 
immediately integrated and a fraction whose numerator is of a 
lesser degree than the denominator. It is with such fractions that we 
shall now be concerned. 

Denominator of the First Degree—In this case, after any necessary 
division, the integral can be immediately evaluated. 


Example 1. 
2x? — x? ~— x {( 3 ) 
dx = 2 1 dx 
| . 2x —3 r i ad +3 


_x 
3 





x? 3 
art atts ORE Oe 3) a € 
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ace 2 
Example 2. i (iis Kant dx =| (2x ae. 1) dx 
2—-x 2—x 
=x? + 3x — log(2—x) +C 


Exercises 14a 














Evaluate: 
2 3 
1. [2% 2, [=e 3, [2% 
x—1 x—1 x—1 
2 a 
4 | fa 5. | Laer 6. |? ay 
1—3t 1 — 3t 1—x 
1295p __ 2p2 17y _. Ry? 
ji 20 — 30" 46 8. | ery 9, | = ax 
0 1—0 1+ 4 o 1+ 4x 





10. | Bs dy 
a+ bx 


Denominator of the Second Degree and which does nat Resolve 
into Rational Factors—We shall discuss two cases here; (a) in 
which the numerator is a constant and (5) in which the numerator 
is a linear expression in x. 


. k ; : 
(a) Consider | Po rane era dx. This can always be put in the 
k dx s 
form 5 laxspae We shall restrict ourselves to the case 


“+ 62. Tn this case 


£(-—_& = poet) 
aJ(x+a)?+f? a B B 


by our standard form for tan~! x and its extension (rule III, section 
13.4). 





Example 1. 
2x? 12 {( 3) 3. 4x 
——_— dx = | |2 dx = 2. =tan t= +C 
fas Venegce a ge 
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Example 2. 
4. 4 = se 
| aes dx = 5 pe Eee S| tan (=) 
1x? — 2x +10 i(x— 1? +9 3 3 1 


5 4 5 “4 
=-(t 1) — = (tan-* 0 
5 an ) 3° ) 


Example 3. 
7 


7 dx =ral dx 

2x? + 2x +5 eae 2I(x +4 +4 
7 pt) _7,,,1C* + D 
2 3 3 





+ C. 


Exercises 14b 





Evaluate: 

(ie re 
x*+2x +2 x* — 6x + 13 
4 2 

3. [=e 4, [ +8 ax 
ox? Phe xt 

. 5 

{= 6. ——_——— dx 
9x? ay oer —2 2x? — 2x + 13 
1 x! 

| ahd es 8. (> dx 
-1x?+2x +2 24.9 

2 1 

9. foe a 10. f lox" +t 6x +8 4, 

xw+t+x+i wa 8x? — 4x +5 


(6) If the numerator is a linear expression in x we put it equal 
to k x (the derivative of the denominator) + / where k, / can be 
determined by inspection. The integral now splits into two parts, 
in the first of which the numerator is the derivative of the denomi- 
nator, and hence this integral is the logarithm of the denominator; 
the second is of the type considered above. 


x +3 $2(x) +3 
le 1. | = | PO: d 
Example WY fa x 25 x 


{ 2x dx 
= —_—— 3 __ 
2J 425 * J 405 





-1* 


= 5 loge (x? + 25) + Stan a. 
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Example 2. 
| 3x — 2 a i(4x + 2)— #4, 
2x® + 2x + 5 2x* + 2x +5 
(4x + 2) dx if dx 
2x? + 2x +5 2x? + 2x -+ 5 
3 7 
= lo xt + 2x +5)—7 fe 
a al@ryet 
= + loge (2x? + 2x + 5) 
l tan Qx+ +C 
6 3 


Exercises 14c 
Integrate the following functions with respect to x: 


x+7 3x —5 2x +3 
co 2. ——— 3. —— 
x? + 16 x? + 36 x? + 2x + 10 
4. 3x +5 5. 1 — 3x 6. x 
x? — 6x + 10 x? — 8x + 25 x*—x+1 
x8 5x +1 x" 
” x? — 6x +10 "3x? — 12x +13 ~ x? 42x45 
2x3 +. 4x? 
"Ox? 4+.9x +5 


Denominator which Resolves into Rational Factors of the First and 
Second Degree—If the denominator factorizes we use the technique 
of partial fractions to express the integrand in a form suitable for 





integration. The three possible types of fraction are : 
eed LL, Westie jamrconcieed wsiane 
pe bee ae De ave sie c= ered the first two 


types and the third type integrates to —_—_—_ AD) “ BD’ 


Ix —4 
Example 1. J 
ss 2x? — 3x —2 


We note that 2x? — 3x — 2 = (x — 2)2x + 1). Put 
ee eet eee B 
2x? —3x—2 x—-2 2x41 
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dx. 





INTEGRATION OF RATIONAL ALGEBRAIC FRACTIONS 
On multiplying throughout by the common denominator we obtain 
Ix —4= A(2x + 1) + Bx — 2) 


With x = 2, 10 = 5A +0 
Hence 2=A 
With x = —}, —7k = 0 — 23B 
Hence 3=B 


Rewriting the integrand in partial fractions we have 


[es e-] a ax +] dx 
2x? — 3x — 2 x—2 2x +1 


= 2 log. (x — 2) + log, (2x +) +C 








622 — 5x* — 5x4 
3 (x — i)(x + 2) 

We must first divide out because the numerator is of higher 
degree than the denominator. This division can be carried out 
using the technique of partial fractions. By inspection we see that 
the highest power of x obtained by division is x? and we allow for 
this and all lower powers of x including the constant in the partial 
fractions. Thus we set 


Example 2. 


22 — 5x* — 5x! D E 
Gone nr ad 
22 — 5x8 — 5x4 = (Ax® + Bx + C)(x — 1)(% +2) 
+ D(x + 2)+ E(x — 1) 
With x = 1, 122=0+3D+0 .. D=4 
Withx = —2, ~—18=0+0-3E .. E=6 


The other constants are found by equating the coefficients of 
various powers of x. 


For coefficient of xt —S=A 

For the constant term 22 = —2C+2D—E 
=—2C+8-—6 

A c= -—10 
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SOME METHODS OF INTEGRATION 
Then with x = —1 


22 = (4 — B+ C)(—2)(1) + D(1) + E(—2) 
22 = (—B ~ 15)(—2) + 4—12 





30 = 2B + 30 
B=0 
Hence 
6 _ 68 ef 6 6 
I aoe 5x) dx =| (—5x? — 10) dx + dx 
3s (x — 1\(x + 2) 3 3 (x — 1) 





+ [ = 
3 (x + 2) 
= [—3x* — 10x + 4 log, (x — 1) 
+ 6 log, (x + 2)]$ 
= (—420 + 4 log, 5 + 6 log, 8) 
— (—75 + 4 log, 2 + 6 log, 5) 
(Since loge 8 = loge 23 = 3 loge 2) 
= (—345 — 2 loge 5 + 14 loge 2) 
= —338-5 approx. 








2 
Example 3. [= x. 
(x + 3)(x — 1)? 
2 
Sete a IO ee: c_ 
(x+ 3(x—1* (+3) -)D) @-)D 


dx 


[Note the partial fractions for the repeated linear factor (x — 1)?] 


2x® — 10x = A(x — 1)? + B(x + 3x — 1) 4+ C(x +3) 
With x = 1, —8=0+0+44C . C=--2 
Withx = -—3, 48=164+0+0 . A=3 
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INTEGRATION OF RATIONAL ALGEBRAIC FRACTIONS 
Equating the coefficients of x® gives 2 = A+ B 2. = —] 


__ 2x? — 10x on _ 2 dx 
@i dap -(5e ea Seer 
= 3 log, (x + 3) — log, (x — 1) 
— 2fo — 1)? dx 


= 3 log, (x + 3) — log, (x — 1) 











pt dC 
x—1 


Example 4. (&,\ = Ge) x= [| GetD— __Gx +1) 
+ 2x? oo (x? + 1)(x + 2) 
Seti Ax+B, _C_ 
(x? + 1x +2) x +1 x+2 
i 3x + 1 = (Ax + Bx +2) 4+ COX*® 4+ 1) 
Withx = —2, —5=0+5C au =—l 





Equating coefficients of x? gives O0=A+C ., A=l 
Equating constant terms gives1=2B+C .. B=1 
| Pua ax — (S+Y) gy i lay 

(x" + I + 2) oo +1) (x + 2) 








2x dx 
(x? + 1) ee el) oes 
= } loge (x? + 1) + tan’ x 
— loge (x +2) +C 


Exercises 14d 
Integrate the following functions with respect to x: 


x+1 1 

Naas ae ae 2. = 

x* + 5x + 6 6x? — 5x +1 

2 — 

3, 45 4, 4% 2x — 7 

x—x? 2x? — 3x — 2 
5, 2x tx +2 Bie EO ns 
2x? + x ” (x — 1)*(2x + 3) 
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4x? — 3x +5 6x? + 5x — 2 








7. 8. 
(x + 2)(x — 1)? (2x + 1)*(x — 1) 
9 6x" + 10x* — 13x — 6 10 4x 
, 3x? + x? " (x? + 4)(x? + 8) 
11 1 rm) 8x? + 3x — 3 
" (x? + 4)(x? + 8) " (2x — 1)(2x + 3) 
2 
13. (x — 2)" ee eee 
xe4 1 xt + 5x? +4 
ee ee ———— 
(x — 1)(x7 + 9) (x pe 1y(x? + 4) 
7 18, — 
x" — (p + q)x + pq x —9 
C= = Ds eae 2 
(x — a)(x — b)(x — ¢) (x? + a*)(x® + b°) 


14.3. CHANGE OF VARIABLE 


Another widely used device in integration is to change the in- 
dependent variable, say x, to another one u where the relation 
between x and wis known. Suppose 


I = [2x cos x* dx 


d 
Let u =x? so that dujdx = 2x. Then J = { x cosudx and 


since integration is the inverse of differentiation 


dI u 
=— cos u 
dx x 
dI d 
—,.—=cosu 
dx d 
ie. a! cos u [by (10.141 
du 
I = [cos udu 


which is recognizable as a standard form 
I=sinnu+C=sinx*?+C (substituting for u) 
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CHANGE OF VARIABLE 
In general we have that 


fre ae dx = [rw du ... (14.1) 
dx 
‘ du 
For with I ={f (u) — dx 
dx 
dl du 
— =f(u)— 
dx @) dx 


dl dx 


i 
dl 
a = f(u) 
I =[rw du 


The difficulty of the method lies in finding the relation u = ¢(x) 
which simplifies the integral. It must be remembered that: 

(a) One part of the integrand supplies the du/dx which has to be 
introduced. 

(b) The rest of the integrand must be easily expressible in terms 
of u. 


Example 1, Evaluate § /(x* — 5)3x? dx. 


I= | J(x® — 5)3x? dx 


Let u = x8 — 5 .. du/dx = 3x? which we note is part of the 
integrand. In fact it is because we foresaw this that we choose the 
substitution. 


= Hx? — 5)? +C 


Occasionally k du/dx (k a constant) may be included in the integrand 
instead of just du/dx. 
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Example 2. Evaluate J ex? dx. 


Let u = —23 o. du/dx = —3x? 


tau) 
fs en ES) Gg 
fe( ia 


ll 
| 
_— 
——, 
oO 
e 
|S 
= 
rom 


Let u = 3x* — 5 J, dujdx = 12x8 
1 idu 


mas 


=—1 1 


= ———_ +C€ 
60 (3x* — 5)? ‘ 


It is the more usual practice to make the substitution u = d(x), 
differentiate it to obtain du/dx = ¢‘(x) and then replace dx by 


du/¢'(x) (ax = au/ = a du), 
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Example 4. I =[o — 1)¥/(x? — 2x + 3) dx. 





Let u= x? —2x+3 J. du/dx = 2x — 2 
du 
T=|{(— Du 
fo IN 
du 
= | (x — 1)*/u 
fo Ww 2(x — 1) 
= 1a du 
2 
1 3 as 
=-.= Cc 
oa 
3 2 4/3 
Fig ee ae ee) +C 


It will be noted that of the five rules given earlier III, lV and V 
are special cases of integration by substitution. 


Example 5. fer dx. 
Let u = (x — 2) J. dujdx = 1 


fer dx —{e du=e*+C=8?74C 


Example 6. [sin 5x dx. 


Let u = 5x “. dufdx = 5. 
[sin 5x dx = {sinu = 2 sin w du 
5 5 
=— z cosu +C 
5 
, dee 
= — 5008 Sx +C 


295 


SOME METHODS OF INTEGRATION 


dx 
Example 7. laos . 
Let u = 4 — 3x . du/dx = —3 

__ dx -{+(- ‘) 7 nae fu du 

(4 — 3x) w\ 3 3 
1u~ 1 1 

=—-*—-4+C=— = 

3 —2 . 6u" Si ( 3x)? = 


ala 


Example 8. i cot x dx. 


al6 


Consider the indefinite integral J = f cot x dx 
y= [28% COS x 4 
sin ea 
Let uw = sin x J. du/dx = cos x 
I= [ cosx _ du 

ue cos x 

= | du 

u 
=loggu +C 
= log, (sin x) + C 


at /6 


= log, (sin 2) — loge(sin a 
4 6 


a/4 
Hence | cot x dx = [log, (sin x)]"/4 


= log. —- a — loge 5 
= log, (4 “al 2 1) 
= log, ,/2 
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An alternative approach when dealing with definite integrals is to 
change the limits of integration for the variable x into corresponding 
limits for the variable u. Thus for the above example, with u = 
sin x, when 


7 . wr did 
x=-, u=sin-=- 
6 6 2 
and when y= t. gicegi ee 
4 4 4/2 
a/4 v2 
i cotx dx = du _ [log. upiy? 
7/6 1/2 u 


= log,./2 _as before 


Two devices may sometimes be necessary. 





3 
Example 9. i 2xx j 
2 (x* — 1) 
Let u = x? “. dufdx = 2x. 


When x = 2,u = 4; when x = 3,u = 9 


[2 - wd du _[° du 


——— 2x = 


axt—1 Jau?—1 2x Ja uw? —-1 


(Now we use partial fractions) 


% ale : 1 (u 7 5 |e 


= [Fro Ga) tog wn] 
2 Be 2 ie 4 











1 

= 5 [(log, 8 — log, 10) — (loge 3 — loge 5)] 
1 

= 5 Coge 8 — loge 10 — log, 3 + log, 5) 
lig S&S. 1gg4 
2°°°3x10 2 3 
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Exercises 14e 
Integrate the following functions with respect to x: 








2 x 
1. xe7* 2. x./(a® — x? 3. ————_ 
1 cos x sin x cos x 
4. - (log, x)® o_o 6. -———————————_ 
x (loge *) (1 — sin x) (cos? x + 2 sin? x) 
x! loge x 
7.-—— 8. xi/(x +1 9 
a 16 Vw +) : 
1 ‘ 3 ella 
10. 11. tan’ x sec* x 12. 
x loge x xe 
x? sin! x 
13, ——————___ 14. x(x? — 2)" 15, ——_— 
a+AQ+x ~ *e —F Ja — 3°) 


Evaluate the following definite integrals: 








ala a/4 2 
16. tan® x sec? x dx 17. i) a ce 
0 o (1 + tan 6) 
2 n 1 2u 
(loge x) e 
18. | Sd >1) 19. —_—— _d 
1 x, tet o (3e%" + 2) 7 
2 y 2 
ye x dx 
0. =; d 21. —_— 
i@faay 1 (t= 2x? + 10) 
2 x 1/V2 s ,—1 
22. | —— dx 23, ou 46 
1 (1 — e**) 1/2 Ja — 6) 
24, ) eee 25. | A. Gin (lone 
-1 (t' — 4) et x 


14.4 TRIGONOMETRICAL SUBSTITUTION 


If the integrand involves: 

(i) /(@? — x*), we try x =asin 6 because then /(a? — x?) = 
J(@? — a® sin? 6) = ./(a* cos? 0) = acos 0. 

(ii) (a? + x*), we try x = atan@ because then JV(@ + x?) = 
V@ + a* tan? 6) = /(@ sec? 6) = asec 0. 

(iii) ./(? — a), we try x =a sec 6 because then ./(x? — a?) = 
J (@? sec? 6 — a?) = ./(a? tan? 6) = a tan 0. 


2v3 
Example 1. i) eo F 
2 x V4tx) 
Let x = 2tan 0 


= = 2 sec? @ 
dé 
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CHANGE OF VARIABLE 
When x = 2, tan@=1 “ O=7/4 
When x = 2,/3, tan 0 = ./3 “ 6=n/3 


2v3 al 2 
Hence { dx -| : __2sectO dé 
2 x*/(44+x*) Java 4 tan 62 sec 6 


a/3 
I set 46 
a/4 tan” 0 


a/8 
i cos 8 ap 


aa sin® 6 


— 





I 


I 


I 


2/3 
i cosec 6 cot 6 d@ 


a/4 


[—cosec 6}°/2 


Oo fle Ble Bie Hie Pi 


I? 


Example 2. { J(a® — x”) dx. 
0 


Let x = asin 9, 


SF = a.cos 6 
When x = 0, sin 6 = 0 .. 6@=0 
When x = a, sin 9 = 1 “. G=n/2 
‘a a2 
Hence [ve -xax=[ acos @.acos @d0 
0 0 
a/2 
= a'| cos” 6 dé 
a nik 
=| (1 + cos 26) dé 
0 
al sin2t)"" 
oe eee 
2 ‘ 2 Jo 
a’ (a ) 
-~2(Z+0)-—© 
5 50 (0) 
_ ma’ 
4 


Some times other trigonometrical substitutions can be used. 
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: x 
Example 3. | J ) dx. 
0 4—x 


dx 





Let x = 4 sin? 0 i 0 = 8 sin 6 cos 0 
When x = 2, sin? @ = 2 . G=7/4 
When x = 0, sin? 6 = 0 .. 06=0 


Hence 


2 a/4 in2 
F/( = )ax=f f(t) s sin 0008 0 a8 
0 4-x 0 4 — 4sin? 0 


a/4 . 
-| 28in8 9 sin 6cos 6.d0 
0 2cosé 





a/4 
= 3| sin? 6 dO 
0 


a/4 
a { (1 — cos 20) dé 
0 


= 4[6 __ sin a 
2 lo 


Integration by substitution is a fairly straightforward technique. 
The question of what is the correct substitution for any particular 
integral is not quite so straightforward. We have mentioned, at the 
beginning of this section three substitutions which often prove 
helpful. Some other useful substitutions were mentioned in the 
preceding section. We mention two others which are generally 
very satisfactory. If the integrand involves ef put u = f(x). If the 


integrand involves ,/(a + x) put u = ,/(a + x). 


Exercises 14f 
Integrate with respect to x: 


1. xV(x” — a) 2xf(xP+4) 3. VOsr 2) 
x 
x i+x sth: = 
4. 7a—*) a 5. (#2 = *) (Hint: put x = cos 26) 


6. x/(x + 1) 7. x*/(x — 1) 
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CHANGE OF VARIABLE 
Evaluate the following definite integrals: 


1 1 
8. i x/(1 — x?) dx 9. i x/(4 + x”) dx 
y WV2 x2 qy 5 
0 Jd — x?) 
14.5 INTEGRATION OF TRIGONOMETRICAL FUNCTIONS 


[sin ax dx = od eis +C 
a 


Joos ax dx = + sin ax +C « 
a 
2 1 
sec’ ax dx = —tanax +C 
a 


1 : 
Jeosee’ ax dx = —-—cotax +C (a is a constant) 
a 


Certain trigonometric functions may be integrated after we have 
used the identities of Chapter 6 to express the integrand in terms of 
the standard forms given above. Of some importance are the two 
results 


{ sin’ x dx =[ia — cos 2x) dx = (x — }sin2x)+C 
= $x —tsin2x +C 
Joost x ax ={ia + cos 2x) dx = #(x + sin 2x) + C 


=4x+4sin2x+C 


If the integrand is a product of a sine and/or a cosine of a multiple 
angle, it may be expressed as a sum by means of the identities [see 
(6.46) to (6.49)] 


sin mx cos nx = }{sin (m + n)x + sin (m — n)x] 
cos mx cos nx = 4[cos (m + n)x + cos (m — n)x] 
sin mx sin nx = }[cos (m — n)x — cos (m + n)x] 
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Example 1. [sin 3x cos x dx = | iin 4x + sin 2x) dx 


—cos4x cos 2x 
= SH.“ 
8 4 e 


Example 2. [sin 5x sin 2x dx = 4 | (cos 3x — cos 7x) dx 


sin3x sin 7x 
— —— +C. 
6 14 a 





The integral f sin” x cos” x dx can be evaluated quite easily if m 
or nis an odd integer. If m is odd the substitution u = cos x is used, 
if n is odd the substitution u = sin x is used. 


Example 3. J sin? x cos x dx. 
Put u = cos x .. du/dx = —sin x 


: : z du 
[sine x cos? x dx = — [sin x sin? x . u® — 
sin x 


— {sin* x.urdu 


-fa — u®)u? du (sin? x = 1 — cos? x) 


uv yu 
=—=—+—-+C 
3 5 
cos®x . cos>x 
i eleeaeeeein aimee ait © 
3 5 
2/2 3 
Example 4. I cos dx. 
7/4 sin’ x 
Put u = sin x 
du 
— =cosx 
dx 
7 _ 7 
Whenx=5,u= sing =1 
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wr 1 


7 . 
When x = 7,u= sing 72 








[vse xe ( SOx _du 
a/a sin® x Vie u® cosx 
1 1 2 
—u 
= ; du 
v2 


(Note cos? x = 1 — sin? x = 1 — u?) 


1 
= i (u~* — u") du 
Vv2 


poy ae! ee re 4). 
-|5 rae a ve 


= [-$ + 4] — [-8/2" + 6/2)7) 





2 2 
=i $5 /2 
15 : 15 v 
Example 5. § ¥/(cos x) sin? x dx. 
Put uv = cos x J. du/dx = —sin x 
: 3 ee 3/4) cin? du 
.. | (cos x) sin x* dx = | ¥/u sin? x | — — 
sin x 


= — fra — u*) du 
(Note sin? x = 1 — cos? x = 1 — u?) 
= — fw pom u7/3) du 


—$ut + 38 +¢ 


= —&(cos x)** + 4% (cos x)? + C 


Exercises 14g 
Integrate with respect to x: 
1. sin 7x cos 2x. 
3. cos 5x cos 6x. 
5. cos? x sin* x. 


7. 4/(sin x) cos x. 


. sin 3x cos 8x. 
. sin 7x sin 5x. 
. cos® x sind x. 
sin’ x 

cos? x ° 


co NAAN 
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SOME METHODS OF INTEGRATION 
Evaluate the following definite integrals: 


Qa a/2 5 
7 cos x 
9. i sin 5x cos 3x dx. 10. | on dx. 
0 2/3 SIN Xx 





14.6. INTEGRATION BY PARTS 


This is a method for integrating a oe of two functions. From 


= (us) = 0 Bye ee 


On integrating both sides with respect to x we have 


whence 4 d 
fu Stax uo — fo ax ... (14.2) 
dx dx 


The product to be integrated is u x dv/dx and to obtain a slightly 
different version of the above result we consider uw and dv/dx as 
being the “‘first”” and ‘“‘second” parts of the product, noting that if 
dv/dx is “2nd function” v = f “2nd function.” The formula is then 


fist x 2nd = Ist x Jona — | Derivative of Ist x [ana .... (14.3) 


(a) one function, “2nd” must be integrable, 

(b) the other function “‘1st’”’ is never integrated. 
Thus if this method is used to integrate the product of two functions 
we first look for a function which can be integrated immediately; 
if there is only one this is taken to be the “2nd” function; if both 
functions are integrable we generally choose as the “Ist” function 
the one which simplifies most on differentiation. 


Example 1. § x e* dx. 
Both x and e* are easily integrable, but as x becomes simpler on 
differentiation we use them in the given order. 


[xe dx = xfer dx -| 2 (x) [em az] dx 





3a 8a 
=~ _f1.C dx 
3 3 
xe8” ee 
= =—4C 
3 9 





CHANGE OF VARIABLE 


Example 2. §x*sinxdx. By the same reasoning as before we 
treat this product in the order given. 


[= sin x dx = xt sin x dx —{ E (24 sin x ar| dx 
x 


= —x* cos x + [2x cos x dx 


We now apply the rule to the second integral, taking care to keep 
the trigonometric function as the “2nd” function 


les sin x dx = —x®cos x + 2x [cos xdx -| [2 (2x) {cosx ax| dx 
x 


= —x* cos x 42x sin x —2f sin x dx 
= —x’cosx + 2xsinx +2cosx +C 


Example 3. § x? loge x dx. Of the two functions involved we see 
that x? is the only one which is immediately integrable, 


[= loge x dx = [tos x x8 dx 


= loge xfx dx -{ E (loge » fx ax| dx 
x 


1 x! 
= logex.—— |] -—.—dx 
casa x 4 
x4 x? 
=—logex ——+C 
gor” 6 


Example 4. fs tan! x dx = {tan x.xdx 


= tan? xf dx 








1 i, a 


tan? x —4x+}tan?x+C 


I 
NS l*, N |*, v /[%, 

co 
9 
si 
aay 
* bad 
| 

——, 

pearee| 

Nile 
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SOME METHODS OF INTEGRATION 


Example 5. fess x dx = [ tog. x xX 1.dx. 


J tose x x idx = logex | .dx -{{4 (loge x) xf ‘ ar| dx 
x 


= x loge x —[ trax 
x 
= Xlogex —x+C 
Example 6. 
[sin x dx = {sin x x 1dx 


= sin xf dx ake (sin x) xf : ax| dx 
x 


=x sin x — 


ene dx 


(For the latter integral let u = 1 — x, dujdx = —2x) 


somites Talo) 


= sin? x + | 


=xsin™*x + /u+C 
=xsin™’x + /1—x*)+C 
Exercises 14h 
Find the following integrals: 


1. [xe dx. 2: ie. cos2xdx. 3. | 6? cos 26 dé. 
4. [te 5. fe sin x dx. 6. iF t* loge t dt. 
7. [> sin” x dx. 8. j= loge3x dx. 9. [an 6 dé. 
10. fo sinmO dé. 11. fe xsec?x dx. 12. [ose x)? dx. 
13. J Mee ag Fars ea 15. [sec x dx. 
1+ cosx sin? x 


CHANGE OF VARIABLE 


14.7. FURTHER INTEGRATION BY PARTS 


The following examples indicate some useful ways of proceeding. 


Example 1, fe sin x dx = o [sin x — | fer[sin x ax]ax 


= —e” cos x +fer cos x dx 


fe sin x dx = —e*cosx + e* [cos x dx -| [e* [eos x ax] dx 


= —e*cos x + e7 sin x — ] e* sin x dx 


We note that on the R.H.S. we have the original integral 


2 fe sin x dx = e%sin x — cos x) 
fer sin x ax a ex (Si X = 0S x) 41¢ 
2 


Example 2. § ./(9 — x?) dx. We have previously used a trigono- 
metric substitution for this integral. 


[Ye =x) ax =[ yo — x x 1 dx 


= /9- xf dx -{{4 VQ — fi ax]ax 


=x0-x)- | TES 


we] os” 

= x/(9 — x’) =| Sas sel ae 
[ye — x*)dx = x/(9 — x?) ae —x*)dx +9 sin? 
2 | J(9 — x*) dx = x/(9 — x*) +9 sin*? 
[vo- x*)dx = Wes 42 sin 4c 
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SOME METHODS OF INTEGRATION 
Exercises 14i 


Integrate the following functions with respect to x: 


1. e* cos x. 2. e-®* sin 3x. 3. e cos dx. 
4. /(16 + x*). 5. cosec x. 


EXERCISES 14 
1. Show that (i) f cos x sin? x dx = } sin’ x + C 
(ii) J tan’ x sec? x dx = } tan’ x + C 
(iii) J 2x(x* + 18 dx = 320? 4+ IPH C. 
2. Find the following indefinite integrals: 


(i) fox + 1)? dx 





(iii) [sec 6 dé 
(iv) [ane x sec x dx (v) Leta 

cos x dx 
(vi) [- Ter (vii) [eee 


™ rere _ = sin? x 


(x) feos 5x sin 2x dx (xi) loa snes aoe (xii) { sin x cos® x dx. 


3. Find the following integrals: 








x +1 (x — 1)(x + 2) 
(i) lags se + 5 dx (ii) je [eS xe +1) dx 
25 : ? dx 
am) } feck ee +4) es tee 
(3x + 2) dx x dx 
© Jie — DOF +4) 2 lanes (+ DG? +9) 


(vii) (5 — 3x -+ 4x”) dx 
(1 — x2 —x — x*) 

4. At any point P(x, y) on a curve the product of x? and the slope 
of the curve is 2. If the curve passes through the point (1, 4) find 
its equation. 

5. Show that 


2 
[ x loge (x? + 1) dx = $log,5—log,2—3%  (W.J.C., part) 
i 
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EXERCISES 
6. Evaluate 





a/2 a/4 
(i) [ a (ii) [ x sec? x dx 
1 tan? xy 
iii 2tan-lyq i» 
(iii) [> x dx (iv) 14x! 
7. Evaluate 
er ike d 3x*—- 1 5 
oft wy f#t 
0(x + 2)(x* + 8) x(x? — 
n/2 
(iii) | sin® x dx (iv) ik x? sin x dx. 
0 0 
8. (a) Evaluate 
w/4 1 
(i) | sin 5x cos 3x dx (ii) | xe" dx. 
0 0 
(b) Show that 


a/4 


(tan® x + tan x)dx =} 
Hence evaluate 


n/4 
| tan*® x dx (J.M.B.) 


0 
9. (a) Use the substitution y = sin x to evaluate 


a 
i PICS where « = sin? (4) 
02 cos 2x — 1 
(6) Evaluate 


1 sin x 


o/(1 + x) 
10. @) Evaluate: 


dx (J.M.B.) 


4(y2_ 4\2 a/4 
(a) I Ce ie 8 i ain ec ede 
2 x 0 





3 
(ii) Find { aa “dx (L.U,) 


11. Evaluate to three significant figures, the integrals 
2 1 
("2 [= ; [ x*log x ax (S.U.J.B.) 
Jix(x +1) Jox*+x41 
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SOME METHODS OF INTEGRATION 
12. Find 


(i) favo —x)dx (id { x oe fae 


(iii) | sin® x(2 — cosx)dx (W.J.C., part) 
13. Show that 1 + sin 20 = (sin 6 + cos 6)?. Hence evaluate 


I " W + sin 26) 40 
2/2 


14, Prove that cos mx cos nx = }[cos (m + n)x + cos (m — n)x]. 
Hence show that 


Qn 
i cos mx cos nx dx = 0 mszn 
0 


Find the value of the integral when m = n. 
15. Use the substitution x = a cos? 6 + b sin? 6 to evaluate 


| dx 
(x — a)(x — b) 
Evaluate the following integral 


dx 
} e-we— 


16. Use the substitution u = t — 1/t to show that 


2 
[pea =/ du 
“+t u? +2 


and use the substitution v = ¢ + 1/t to show that 


2 
f tat =| dv 
“+1 ve —2 











Hence evaluate e 
t+1 
in terms of u and v. 

17. Evaluate log x dx 

x” 


considering separately the three cases n = 0,n = 1, andn 4 Oor 1. 
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EXERCISES 
18. Prove by two different methods that 
(ve — a®) dx = }x,/(x® — a?) — 4a® log {x + (x? — a} 


19, Evaluate the following definite integrals 


1 -1 cf 
i = dx (ii) I) sin x cos” x dx 
oil+x 0 


1 2 
20. Show that 2x? e-* dx = 1 —2 
1} € 
21. Show that 





fer cos bx dx = a 2 [b sin bx ++ a cos bx] 


a/2 
Hence evaluate i) e?* cos 3x dx 


a/2 wr 
22. Prove that { x2 cos x dx = rien 2 


0 


23. Use the substitution x = cos 26 to prove that 


’ MS He *)a ae 
24, Evaluate i a (. * -| dx 


25. Evaluate 


ON rere dx (il) [35« 








26. Evaluate the following integrals 


a/2 n/2 . 
(i) | cos'xsinxdx (ii) [ cos x sin® x dx 
0 0 


3Vv3/2 
(iii) e eas % 


27.Provethat flog (tan *)} yee 
dx 2 


sin x 
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SOME METHODS OF INTEGRATION 


Hence show that 
| paces dx = 2 log (sec *) 
sin x 2 


Verify this result by using the formulae 1 — cos x = 2 sin? x/2 
and sin x = 2 sin x/2 cos x/2. 
28. Evaluate 


[va — x*)dx 


29. Integrate x?/(x? + 1)® with respect to x, by the substitutions 
(a) x = tan 6, (6) x2 ++1= 4. Verify that the two results agree. 
30. Prove that 


a/2 2 
| ouieconde = 
0 16 4 
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15 


SOME APPLICATIONS OF THE 
INTEGRAL CALCULUS 


15.1. FURTHER EXAMPLES ON AREA 


Example I. Find the area under the curve y = sin (3x + 7/3) 
between x = —7/18 and x = 7/9. 





Figure 15.1 


a/9 


Area = y dx (see Figure 15.1) 


—17/18 


2/9 
=| sin (3x + 2) dx 
—1/18 3 


1 ( “|” 
= | —=cos (3x +2 
[ Pata aay | ees 


1 27 I 7 
= — = cos— + =cos— 

3 3 a 6 
Ber: 


6 





Example 2. Find the area contained between the two parabolas 
4y = x? and 4x = y?. 
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SOME APPLICATIONS OF THE INTEGRAL CALCULUS 


From Figure 15.2 the area required is OABC. We first find the 
point of intersection of the two curves i.e. B. At B, 4y = x? and 
4x = y® and we solve these two simultaneous equations. From the 
first equation y = x?/4 and substituting in the second equation we 
have 


4 

4x = 

16 

i.e xt — 64x = 0 
x(x — 64) = 0 


x=0 or x®= 64 giving x = 4 





Figure 15.2 


The points of intersection of the two curves are thus the origin (0, 0) 
and B, (4, 4). If BD is the ordinate at B 


area OABC = area OABD — area OCBD 


4 4? 
-{ J4x dx -| = dx 
0 o 4 


Note: the positive square root is taken because we are dealing with 
the top half of the curve 4x = y?. 


4 4 
area OABC = 2 x? dx — Al x? dx 
0 4Jo 


~ [2] 2] 
0 4L3Jo 





FURTHER EXAMPLES ON AREA 
When the area between the y-axis and a curve is required the 
integral is, by symmetry 


[os dy -.. (15.1) 


y=e 


Example 3. Find the area between the curve y = x’, the axis of y 
and the lines y = 1, y = 8 (Figure 15.3). 


y=x3 





= 118] — a9] 
= }.16— } 
= 11} 
We note that in representing the area under a curve between the 


b : 
ordinates x = a and x = b by i y dx we have assumed that b > a 


and that the ordinates are positive throughout the range of integra- 
tion. If this is not so it is clear from Figure 15.4 that the integral 


6 
i) y dx gives the numerical value of the area but with a positive or 
a 

negative sign according as the area is to the right or left of the curve, 


which is supposed described in the direction from P to Q. 
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SOME APPLICATIONS OF THE INTEGRAL CALCULUS 


Ifthe curve cuts the axis in the range, the integral gives the difference 
(positive or negative) between the area to the right and that to the 
left. 


dx <0 





Figure 15.4 


Example 4. Find the area included between the curve y = x3 — 
4x? + 3x and the x-axis. 

From the sketch of the curve (Figure 15.5) we see that we have to 
find the areas of the two parts A and B separately. 

The curve cuts the x-axis where y = 0 


i.e. x? — 4x24 3x =0 
x(x? — 4x + 3) =0 
x(x — 1)(« — 3) =0 


x=0, 1 or 3 





Figure 15.5 


1 
Area A= [ ydx 
0 


1 

== i (x* — 4x? + 3x) dx 
9 

_[#_# eT 
E 3 = 2 do 

=(-$+2)-0=% 
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FURTHER EXAMPLES ON AREA 


3 3 
Area B -| y dx =| (x? — 4x? + 3x) dx 
1 1 


4 3 2 41 
= [8 — 36 + ¥#]— [2-3 + 9] 
= —23— 4 
= —22 
Therefore the total area = 35; + 2% 
= 34; 


Example 5. Find the area of the curve x? + 3xy + 3y? = 1. 
The area is the limit of the sum of the areas of strips like PQ of 


width 6x. Now if P has ordinate y, and Q ordinate y,, noting that 





Figure 13.6 


neither upward nor downward movement of Ox alters the length 
PQ, we have 
Area = Limit > PQ 6x 
5270 
= Limit ¥ (y, — y.) 6x 
6270 
=for — Ya) dx with the appropriate limits. 
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SOME APPLICATIONS OF THE INTEGRAL CALCULUS 


The two values of y are found, in general, by solving the equation 
as a quadratic in y, viz. 3y? + 3xy + x79 —1=—0 


i —3x + ./[9x? — 12(x? — 1)] 


6 
__ 3x +t 4/12 — 3x?) 
> 6 
The two values of y are 
233 ac 2 —_ aes wee 2 
x + /(12 — 3x*) aa 3x — ./(12 — 3x°) 
6 6 
2/12 — 3x? 3(4 — x? 
Hence V1 — Ye = zeae ay = YBa = *) ( at} 
6 3 
Now the limits of x are the values for which y, — y, = 0 
i.e. 4—x?=0, x= +2 


area = i VB4~ x) 4 
2 3 


= ae JV(4 — x*) dx 


To evaluate this integral let x = 2 sin 0 
a/2 


area = 2cos 6+2cos 0 d0 
—1/2 
9) 1/2 
= B | 2 cos? 6 dé 
—7/2 
2 a/2 
-3,) (1 + cos 26) dé 
7/2 





: n/2 
= [942 
V3 2 —n/2 
2 (z ) 2 (= ) 2a 
=—/{—-+0}] —-—{—+0}] =— 
YaN2 ND 
Exercises 15a 


1. Find the area between the curve y = tan x, the x-axis and the 
ordinates x = O and x = w/4. 
2. Find the area between the curve y = x? + 1/x, the x-axis and 


the ordinates x = 1 and x = 3. 
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MEAN VALUES 


3. Find the area between the curve y = —x* + 5x and the line 
y= 6. 

4. A (2, 8) is a point on the curve y = x, O is the origin. Lines 
AB, AC are drawn from A perpendicular to Ox and Oy and meet these 
lines at B and C respectively. Find the areas OCA and OBA and 
verify that their sum is the same as the area of the rectangle OBAC. 

5. Find the area contained between the parabola 9y = x? and 
the line 3y = x + 6. 

6. Find the area enclosed between the curve 9y = x?, the y-axis, 
the line y = 4 and the line x = —1. 

7. Find the area enclosed between the parabolas y? = x and 
x? = yp. 

8. Find the area of the two segments bounded by the x-axis and 
each of the curves (i) y = x3 — x (ii) y = x8 + 2x? — 3x. 

9. Find the area of each of the curves (i) 2x? + 6xy + 6y? = 1 
(ii) 5x? — 12xy + 12y? = 2 (iii) 3x? + 10xy + 10y? = 2. 

10. Find the area of the loop of the curve y? = x*(x — 1)?. 


15.2. MEAN VALUES 


Suppose that the function ¢(x) is continuous, single valued, and 
finite in the range x = a to x = b. Divide the range b — a into n 
equal parts each of length 6x. Hence 

n 6x = (b — a) vee ah 15.2) 


Let (x1), $(%2)...4(x,) be the values of the function at some 
convenient point in each interval, say the middle (sometimes the 
beginning is taken), then 


Limit © ($65) + Ga) + o-. + AG) 53) 


is known as the mean value of the function 4(x) over the range a to 
b with respect to x. It isa natural extension of the usual average. 


Since from (15.2) 1 = bx 
n b—a 
Mean value of d(x), over the range a to b with respect to x 





= Limit = (oy) +... + ox, 





=p : Limit ¥ (x) dx [(b — a) is constant] 


—a be> a 
1 » 
a [ bx) dx (by (13.8) ... (15.4) 
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SOME APPLICATIONS OF THE INTEGRAL CALCULUS 


b 
Geometrically | (x) dx is the area BCNK under the curve (see 


a 
Figure 15.7) and b — a is the distance KN. If LMNK is a rectangle 
whose area is equal to the area under the curve then the mean value 
is represented by the height MN of this rectangle. 

If it is possible to express $(x) as a function of another variable 
say u, the mean value with respect to u will, in general, differ from the 
mean value with respect to x, and it is important to notice which 
mean value is required. 





Figure 15,7 


Example 1. When a particle falls freely from rest its velocity at any 
time t sec from the commencement of its motion is given by v = 32t 
or v? = 64s, where s is the distance fallen. If its velocity on impact 
is 80 ft./sec find its mean velocity (a) with respect to time (6) with 
respect to distance. 

(a) Since v = 32t on impact 80 = 32T where T is the time taken 
to fall. Therefore the time of falling is 2} sec. 


1 2-5 
mean velocity = — { vdt 
2:5 Jo 


1 2-5 
= +f 32t dt 
2:5 Jo 
1 
= — [160° 7° 
£ iors 


= 40 ft./sec 


(b) Since v? = 64s (given) on impact 80? = 64s where s is the 
distance fallen 


5 = 100 ft. 
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MEAN VALUES 


. 1 [200 
mean velocity — —— v ds 
100 o 


= 534 ft./ sec 
Another mean value which is used particularly in electrical engineer- 
ing is the root mean square or R.MLS. value of a function over a 


given interval ams. =/{ + [igor as| ... (15.5) 


and is the square root of the mean value of the square of the function. 


Example 2. An alternating current is given by i = J sin (5t + 7/3). 
Find the R.M.S. value for i taken over the interval 0 to 2m/5 sec. 


2/5 
(R.M.LS. value)? = | Pr sin*(s¢ + 2) dt 
27 Jo 3 


2 (20/5 
= a AL — cos| 101 + 22) ) dt 
Ido 2 3 


2 27/5 
= mat aes sin( 108 ++ 22) 
An 10 3/7 Jo 


2 
~ 579-4 sin (0 +24) 
4a 10 3 


2 2 
_P_ st 28 94 SP ain 2® 
2 407 3 407 3 
5 hs 
2 


Hence R.MLS. value is I/,/2. 
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SOME APPLICATIONS OF THE INTEGRAL CALCULUS 


In practical problems the values of the function ¢(x) can often 
be found only at isolated points. If the intervals between these 
points are all equal then an approximate mean value is found by 


: [(x,) + (xe) +... + oe] 


If the intervals are not all equal the values may be plotted on a 
graph. Then a smooth curve is drawn through the points and a set 
of values of ¢(x) at equal intervals, read off from the graph. These 
latter values may then be used to find an approximate mean value. 


Exercises 156 


1. A quantity of steam follows the law po?5 = 10,000, p being 
measured in Ib wt/in.? Find the mean pressure as v increases from 
1 in. to 16 in.$ 

2. Find the mean value and the R.M.S. value in each of the 
following cases: 

(i) sin 0 in the range 0 to z. 

(ii) sin 6 in the range 0 to 27. 

(iii) sin 6 + cos @ in the range 0 to 27. 

(iv) I'sin (10t + 7/4), the values of t being taken over one period 
t= 0 to t = 27/10. 

3. A body is dropped from a height of 144 ft. Show that the mean 
value of its velocity until just before it hits the ground is (a) 48 ft./sec 
with respect to time and (6) 64 ft./sec with respect to distance. 

4. Show that the mean value of the ordinates of a semicircle of 
radius a drawn through equidistant points on the diameter is 
fra. 

5. The following table gives the values of a current i amps in a 
circuit at various times, ¢ sec. Find the mean value of the current. 






510 | 640 | 800 | 975 | 1000 | 975 








15.3. VOLUME OF A SOLID OF REVOLUTION 


Consider the volume swept out when the area enclosed by the 
curve y = ¢(x), the x-axis, and the ordinate x = a, x = b is rotated 
through 27 radian about Ox. 
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VOLUME OF A SOLID OF REVOLUTION 


Let KB and NC be the ordinates at the points x = a and x = b 
respectively. Divide KN into n parts each of width 6x. Let L,M 
be two consecutive points of subdivision LP, MQ the respective 
ordinates. Complete the rectangles PGML, FQML. 

Then all such rectangles as PGML will sweep out thin circular 
discs of area zry? and thickness 6x, i.e. of volume zy" 6x. The sum 
of all such discs will be less than the volume required. Similarly all 
such rectangles as FQML will sweep out thin circular discs of volume 





Figure 15.8 


a(y + dy)? 6x and the sum of all such discs will be greater than the 
volume required (note the curve has been taken as increasing from 
x=atox=b). Thus 


b b 
> wy? 6x < required volume of revolution < > 7(y + dy)? dx 


Now in the limit as dx > 0, dy — 0 and we have that 


v 
required volume of revolution = Limit } zy? 6x 


6x70 a 
&b 
-| ay? dx ... (15.6) 


Example 1. To find the volume cut from a sphere of radius a by 
two parallel planes distances h,, h, from the centre (h, > h,) and 
both measured in the same direction. 
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SOME APPLICATIONS OF THE INTEGRAL CALCULUS 


A sphere is swept out by the rotation through 27 radians of a 
semicircle about its bounding diameter. Take the centre of the circle 
as origin and the bounding diameter as the x-axis. Then by 
equation (15.6) 


y 


he 
required volume = [ ay? dx 
hi 


ZX 


f | 


Figure 15.9 












The equation of the semicircle is x? + y? = a? 


he 
required volume = wz} (a? — x”) dx 
hy 


; xP he 
=77T7)ax—-— 
3 Jha 


= mla%(he — hy) — 4(08 — h3)] 
= 3 (hy — hy)[3a® — (h2 + hyhy + h2)] 


Note that if we put h, = aand h, = a — k we obtain the volume of a 
spherical cap of height k, 


i.e. volume = a —(a-— i] [30# ~ [a + ala—k)+(a— ny} 


= F(a" — a? — a® + ak — a® + 2ak — ke’) 
= 7 kGak — k’) 
= nk*(a _ *) w+ (15.7) 
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VOLUME OF A SOLID OF REVOLUTION 


When any portion of the area contained between a curve and the 
y-axis is rotated about the y-axis the volume swept out will, by 


y=d 
symmetry, be i ax* dy but in other cases we may not be able to 


v=c 
quote these formulae but have to return to first principles. Consider 
the following: 


Example 2. Find the volume swept out by revolving the area 
between the curve y = e%, the x-axis and the ordinates x = 1, 
x = 2, through 27 radians about Oy. 


/ 
/ 


---------r 





Figure 15.10 


Divide the volume into the shells by cylinders whose axes are the 
y-axis and whose radii are at equal intervals 6x from x = 1, to 
x = 2. The volume of a typical shell contained between two cylinders 
of radii x and x + 6x can be obtained if we consider the shell cut 
and flattened into a plate which will be approximately of length y, 
width 27x and thickness 6x. That is of volume 2axy 6x. 

am? 


required volume = Limit } 2xy 6x 
6270 g=1 


2 
-| 2axy dx see (13.8) 
But y = e®* thus : 


2 
the required volume = 27 { xe” dx 
1 


xe2* e2 2 . . 
= 2n| — =| (by integration by parts) 
1 


= 2n(e* — fe*) — an(€ _ , “') 
= 2n(de* — 4e°) 
= 245-7 
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Exercises 15c 

1. Find the volume swept out when the area between the parabola 
y=x? +1, the x-axis and the ordinates at x = 2 and x = 3 is 
rotated through 27 radians about the x-axis. 

2. Show that the volume of a sphere of radius a is $7a°. 

3. Find the volume generated by rotating, the area bounded by 
the axes and the curve y= cos x between x = 0 and x = 7/2, 
through 27 radians about the x-axis. 

4. The portion of the curve y = x? + 2 between the points (0, 2) 
and (1, 3) is rotated through 27 radians about the y-axis to form the 
surface of a bowl. Find the volume of the bowl. 

5. Find the volume swept out when the area between the parabola 
y* = 4ax, the x-axis and the ordinate x = A rotates through 27 
radians about the x-axis. 

6. Find the volume of a cylinder of height A, radius of base a. 

7. The ellipse x?/a? + y?/b? = 1(a> b) is rotated through z 
radian about its major axis. Find the volume swept out. What would 
the volume be if the ellipse were rotated about the minor axis? 

8. Show that in the solid generated by the revolution of the 
rectangular hyperbola x? — y? = a? about the x-axis, the volume of a 
segment of height a measured from the vertex is 47a°, 

9. Find the volume generated by rotating a loop of the curve 
y? = x°(x — 1)? about the x-axis. 

10. Find the volume swept out when the area between the curve 
y = e*, the x-axis, the y-axis, and the ordinate x = 3 is rotated 
through 27 radians about Oy. 


15.4. CENTRES OF GRAVITY 


Consider a number of particles of masses, m,, m2, ... situated at 
points whose co-ordinates are (x1, 1), (Xe, yo)... Then the point 
G(%, 9) whose co-ordinates are given by the equations 

ga Mt mx, + Dmx 

Marcie lth. =< Dale .. (15.8) 
- MY, +myzt... Ymy 
oe eS 

m+m,+... xm 





is defined as the centre of gravity or centre of mass of the system. 

We have assumed that the masses all lie in a plane. If they are 

not coplanar then each point will have a third co-ordinate z,, z,... 
mz 


am 





and G will also have a third co-ordinate defined by 7 = 
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In the case of a solid body we consider it split up into a large 
number of very small elements each of mass dm and then the centre 
of gravity is defined as the point G whose coordinates (*, j, Z) are 





given by: 
Limit > x 6m [> dm 
f= et by (13.8) 
Limit > 6m fam 
sie 1. (15.9) 
[> dm [ dm 
Similarly j= z= 








(ae te 


The summations and integrals are taken throughout the whole body. 





Figure 15.11 


Example 1. A circular arc of radius a, subtends an angle 2« at its 
centre. Find the centre of gravity of the arc. 

Take the centre of the circle as the origin and the x-axis along 
the medial line. Let p be the mass of the arc per unit length, then 
the length of a small element of the arc is a 60 and its mass is pa 60 
(Figure 15.12). 


(9 = 0 by symmetry) 


ij a cos 9pa dé 


i: pa dé 


= a{sin 672, 
(Of. 


_ asing 


a 
Note that for a semicircle « < 7/2 and * = 2a/z. 
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Our small elements of mass 6m have been taken as small arcs of 
length a 66 and mass ap 60. Their moment about the y-axis (x 6m) 
has been expressed in the form acos 6pa 66 which is a suitable 
expression for integration with respect to 0. 





Figure 15.12 


In general when we are dealing with a lamina or a solid the small 
elemental masses 6m, and their moments x 6m or y 6m about the 
axes, are expressed in the form f(8) 60 where @ is some convenient 
variable for which the integrations can be carried out. We shall 
find it convenient to make use of the symmetry of the body (if it 
exists) in choosing the variable 9 and the elemental masses. It is 
important to notice that the “x” in (15.9) is now the distance of the 
centre of gravity of the elemental mass from the y-axis. Similarly 
the “y’ is the distance of the centre of gravity of the elemental mass 
from the x-axis. 


Example 2. A sector of a circle of radius a subtends an angle 2« 
at the centre of the circle. Find its centre of gravity. 





Figure 15.13 


We take the centre of the circle as origin and the x-axis along 
the medial line. By symmetry 7 = 0. 
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We divide the sector by a large number of concentric arcs into 
sections such as PQRS (Figure 15.13). Let OP = r, OQ=r-+ Or. 


Area PQRS = 2ra dr 
Mass PQRS = 2rap dr 


where p is the surface density of the sector. 


Now by the result of Example I the centre of gravity of PQRS is 
rsin 





at a distance from O along Ox. Its moment about Oy is 





rsin « 


thus 2rap dr 
a 


* F 
r sin a 
2rap-——— dr 
0 ot 


| 2rap dr 
0 


(Since p is assumed to be constant) 


x= 








For a semi-circle « = 7/2 and 


z_44 -.. (15.10) 
37 


Example 3. Find the centre of gravity of a uniform solid hemisphere. 
Take the centre of the hemisphere as origin and its axis of sym- 
metry as Ox. Let p be its density. 
Divide the hemisphere into elemental discs of width 6x by planes 
parallel to its plane end. The mass of a disc is approximately 
my*p dx and the distance from the origin to the centre of gravity of a 
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disc is approximately x. Since by symmetry p = 0 = Z, we have that 


a 
| xay"p dx 
0 


i) ay"p dx 
0 





Figure 15.14 


The equation of the bounding circle is x? + y? = a®. Thus 


ax — =] 
3Jo 
a’ 
Laas 
~ 2 
3 
= $q 


Exercises 15d 


1. Find the centre of gravity of the following (in all cases the 
mass per unit area is assumed to be constant): 

(a) the area enclosed by the parabola y? = 4x and by the line 
x=, 
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(b) the area between the curve y = sin x and the x-axis from 
x=Otox=a. 

(c) the area formed by one loop of the curve y= = x(x — 1). 

2. If the loops of the curves in Exercise 1(a), (6) and (c) are each 
rotated through 27 radians about Ox, find the centres of gravity 
of the solids so formed. 

3. Find the centres of gravity of the following: 

(a) a plane equilateral triangle 

(b) a quadrant of a circle 

(c) a solid cone 

(d) a frustrum of a cone height A, radii of its ends a and b (a > b). 

4. By dividing the sector of a circle of angle 2a into elemental 
sectors of angle 60, find the position of its mean centre. [Use the 
result of Exercise 3(a).] Compare your result with that of Example 
2, section 15.4. 

5. Find the position of the centre of gravity of the area contained 
between the positive co-ordinate axes and the astroid x2/s + 
y2/8 = gl, 


EXERCISES 15 


1. Show that the curve y? = x*(4 — x) possesses a loop and find 
the area of the loop. (W.J.C.) 

2. Find the area of one loop of the curve 4y? = x°(4 — x?). 
Also find the position of the mean centre of this area. 

3. Sketch the curves y? = 2x, x* = 4y giving the co-ordinates of 
the points of intersection. Find the area they enclose and the 
volume this area sweeps out when revolved through 27 radians about 
Ox. 

4, The area enclosed by the parabola y? = 4ax, the x-axis, and 
the ordinate x = A is rotated through 27 radians about the x-axis. 
Show that the volume swept out is 27ah?. 

5. PAQ is an arc of the curve y = sin x from x = 27 tox = 37, 
A being the midpoint of the arc. Show that, if P and Q are the 
points on the curve where x = 27, and x = 3m respectively, the 
area between the arc and the x-axis is divided by the line PA 
approximately in the ratio 0-12:1. 

6. Determine the mean value of the function x(4 — x) between 
x=Oandx=4. 

7. Find the R.M.S. value of J = sin (wt + 7/3) the value of t 
being taken over one period from t = 0 tot = 27/w. 

8. Sketch the curve y? = (x — 1)%(x + 1). If the curve is rotated 
about the x-axis through an angle 7/2, find the volume enclosed by 
the surface swept out by the loop of the curve. 
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9, Find the area of the portion of the plane enclosed by the curve 
y = 1+ sin x, the axis of y, and the axis of x from 0 to $7. Find 
also the volume of the solid obtained by rotating this area about the 
axis of x. (S.U.J.B.) 

e 
2+x 
enclosed by the curve, the lines x = 0, x = 1 and the line y = 1. 
Also find the volume generated when this area revolves through 27 
radians about the line y = 1. 

11. Find the mean centre of the area between the curve y = 
(x — 1)(44 — x) and the axis of x. 

12. Find the area enclosed by the two parabolas ay = 2x?, 
y* = 4ax. Also find the position of the mean centre of this area. 

13. Find: (@) the area bounded by the axes and the part of the 
curve y = cos 2x between x = 0 and x = w/4 

(ii) the volume described when that area is rotated through four 
right angles about the x-axis 

(iii) the centre of gravity of that area. (S.U.J.B.) 

14, Prove that the area common to the two parabolas y? = 4ax 
and x? = 4ay is 16a?/3. Find the centroid of the common area. 
Show that if the area is rotated, through four right angles about the 
x-axis, the volume generated is 967ra3/5, (J.M.B.) 

15. Sketch the curve whose equation is 


a®y? = 4x2(q2 — x?) 


Prove that the area contained by one loop of the curve is 4a?/3. 
Find the volume swept out when one loop is rotated through two 
right angles about the x-axis. (J.M.B.) 

16. The curves y = 7 — x* and xy = 6 intersect at the points A 
and B in the first quadrant. Find the co-ordinates of A and B. 
Find the area contained between the two curves. This area is 
rotated through four right angles about the y-axis. Prove that the 
volume swept out is 37/2. (J.M.B.) 

17. ABC is a triangular lamina in which AB = AC and the 
perpendicular distance of A from BC is h. The density of a thin 
strip of the lamina which is parallel to BC and at a distance x from 
Ais kx. Prove that the centre of gravity of the lamina is at a distance 
8h from A. 

18. Prove that the area bounded by the two parabolas 3y = 2x?, 
y® = 12x is 6 square units. Find the co-ordinates of the centroid 
of this area. 

19. The co-ordinates of a variable point P are given by the 
equations x = 4 — #2, y= 1 + 3t, where ¢ is a parameter. Find 





10. Sketch the graph of y = for x > 0. Find the area 
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the value of t for which the tangent to the locus of P is parallel to 
the y-axis. 

Find also the x co-ordinate of the centroid of the area bounded by 
the curve and the y-axis. 

20. A curve whose equation has the form y = x(x — 2)(ax + 4) 
touches the x-axis at the point where x = 2 and the line y = 2x at 
the origin. Find the values of a and 6, sketch the curve and prove 
that the area enclosed by an arc of the curve and a segment of the 
line y = 2x is 22. (L.U.) 

21. Sketch the graph of y = x*sin2x (x being measured in 
radians) from x = 0 to x == a, and prove that the ratio of the two 

2 
areas bounded by the curve and the axis of x is ae : 
(S.U.J.B.) 

22. Ina triangle ABC the angle C = 27/3. Express c? in terms of 
aand b. The triangle is rotated about A in its own plane, through an 
angle 6 (<7). Find, in terms of a, b and 0, the area swept out by 
(i) AC (ii) BC. (J.M.B.) 

23. Draw a rough sketch of the curve defined by the equations 
x = 2(6 — sin 6), y = 2(1 — cos 6) as 6 increases from 0 to 27. 
Evaluate for this curve the integrals 


co [vsgen co PLUGS + (35) 


24. Sketch the curve given by the parametric equations x = 
2 — 2, y=, The area enclosed by this curve and the axis of y 
is rotated about the axis through four right angles. Find the volume 
of the solid so described. (S.U.J.B.) 

25. The points A(c, a) B(0, b) and C(—c, a) where (6 > a > 0) 
lie on a curve of the type y = Px? + Qx +R. Determine the 
constants P, Q and R and hence show that the equation of the curve 
is c2y + (b — a)x? = bc?. AM and CN are ordinates, Find the 
volume of the solid formed by revolving the area bounded by the 
curve, the x-axis and these ordinates through four right angles about 
the x-axis. (L.U.) 
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DIFFERENTIAL EQUATIONS 


16.1. INTRODUCTION 
We have seen in section 13.1 that an equation of the type 


avg .. (16.1) 


dt 


can be solved by integration (integration is the inverse of differentia- 
tion) to give as its solution 


v=6t+C ... (16.2) 


This is also known as the general solution of the equation (16.1) 
because it contains the arbitrary constant of integration. 

Such equations which involve differential coefficients are known 
as differential equations and they occur very often when practical 
problems are expressed in mathematical symbols. The equation 
(16.1) arose from the question: if the acceleration of a particle is 
constant and equal to 6 ft./sec*, what is its velocity? We now see the 
practical importance of the constant of integration, two objects may 
have the same acceleration but different velocities depending on the 
initial conditions. For example if we know that initially (¢ = 0) 
the velocity is 11 ft./sec then substituting in (16.2) 


11=6.0+C 
we have C= 11 
v=6t+ 11 ...-(16.3) 


This is known as a particular solution of the differential equation 
(16.1). 

As another example of how differential equations arise consider 
one of the laws of chemical reaction. 
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Example 1. In a certain chemical reaction the amount x of one 
substance at any time ¢ is related to the velocity of the reaction, 
dx/dt by the equation 


= =k(a—x)(b—x) (a, b, k constants) 


Find a relation between x, a, b, k and t. 
To solve the equation we rewrite it in the form 
dt 1 
dx k(a —x)(b—x) 


i.e. 


p= t {—_&__ 
kJ (a — x)\(b — x) 


ret Frmerspa reed ee 














1 
~(b ay [—log, (a — x) + loge (b—x)]+C 
ee! b—x 
pay (=) +C 


Although we now have a relation between ¢ and x, the three 
original unknown constants and the arbitrary constant of integration 
are also involved, and more information is needed before the result 
is of practical value. 


Example 2. A beaker containing water at 100°C is placed in a 
room which has a constant temperature of 20°C. The rate of 
cooling at any moment is proportional to the difference between the 
temperature of the room and theliquid. Ifafter 5 min the temperature 
of the water is 60° C, what will it be after 10 min? 

The law stated here is the physical reality known as Newton’s Law 
of Cooling. 

Let the temperature of the water at any time ¢ min be 6°C. 
Then the rate of change of temperature is d@/dt (see section 11.1), 
thus the rate of cooling is —d6/dt. Hence 


99 9 — 20 
dt 
— = (6 — 20) (16.4) 


which is the mathematical expression of Newton’s law. 
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For this case, considering the reciprocal of both sides we have 
dt 1 


dO k(@ — 20) 


_1{_ 46 
a ilo, 


—kt = log, (@ — 20) +C 
—C — kt = log, (0 — 20) 
eo -*t ex. 0 — 20 
e Ce * — 9 — 20 
Ae*' =: 9 —20 where A =e? 





20 + Ae*! — 6 
Now initially t = 0 and 6 = 100 
20 + a 100 
= 80 
= 20 + 80e-** + (16.5) 


Also when t = 5, 0 = 60 
: 60 = 20 + 80e-5* 
: e7 5k — 0-5 . (16.6) 
iti is possible to find k exactly from this equation but it is not necessary 
in this example for when t = 10, substituting in (16.5) we have 
6 = 20 + 80¢e720* 
= 20 + 80(e-5*)? 
which from (16.6) gives 
6 = 20 + 80(0°5)? 
i.e. 6=40°C after 10 min 


Applications to Mechanics Problems in mechanics often involve 
acceleration which may be expressed in any of the following three 
forms: 

dv 


(i) dt 


(ii) d's (since v= és) 
di? dt 

(iii) e (since #2 — 48 o2 _ 8 

ds dt dt ds ds 
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Example 3. A particle moves in a straight line with constant 
acceleration a. If at any time ¢ sec its velocity is v ft./sec and the 
distance travelled is s ft. find expressions for 

(i) v in terms of a and t 

(ii) s in ternis of a and t 
(iii) v in terms of a and s. 
Assume that when t = 0,s=Qandv =u. 

(i) In this case since v and t are to be linked we use du/dt = a 


v=at+C 
But when t = 0,0 = u 

u=0+C 

v=u-+tat 


(ii) From the preceding result 


s =u-+at 
hence s=ut + hat+ A. 
Now when ¢ = 0, s = 0, hence A = 0 
and so s=ut + fat?. 


(iii) In this case since v, s and a are to be linked we use 





dv 
eg 
ds 
1,2 
ice. dae’) _. a 
ds 
hence 40? = as +B 
But when s=0,v =u 
hence 42 =0+ 8B 
and so $u® = as + 4? 
i.e. v? = uy? -+ 2as 


A differential equation sometimes expresses a physical relation 
better than its general solution. To illustrate this point, and also 
to show that, given a general solution, the differential equation can 
be formed by differentiation and elimination of the arbitrary con- 
stants consider the following example. 
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Example 4. Given that a particle moves so that its distance (s) 
from a fixed point at time ¢ is given by s = A sin (3t + €) where 
A, € are constants, find the original differential equation governing 
the motion of the particle. 

Since there are two constants we shall find that’ the original 
differential equation involves second order differential coefficients. 


s = Asin (3t + €) ... (16.7) 


ds 
— = 3Acos(3t 
7 cos (3t + €) 


d?s , 
7 = —9A sin (3t + €) ... 16.8) 
From (16.7) and (16.8) 
2 
OS —9s 
dt? 


i.e. acceleration = —9s. 

Thus the acceleration is proportional to the distance s from the 
point and (since it is negative) directed towards that point. This 
kind of motion is known as simple harmonic motion. 

In subsequent sections of this chapter a systematic approach will 
be made to the solution of differential equations generally. It is, 
however, always worth while considering if some of the usual 
mathematical processes will help. 


Example 5. Solve the differential equation 
2, 
(Bh E-s)z-1-0 
dx x dx 


and interpret the result geometrically. 
In this case the equation will factorize giving 


dy (2 ‘) 
—=—+x][—- —-] =0 
(2 dx x 
: d 1 
Hence either -=-—-x or —=- .. (16.9) 
x 


2 
rar. or y=logex +B 
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Note that although the two constants are both arbitrary they may 
have different values. 

To interpret the result geometrically we note that as A is given 
different values, (say 0, +1, +2,...), y= —(x?/2) + A gives rise 
to a family of parabolas all with their vertices on the y-axis and with 
their axes coincident with the y-axis (see Figure 16.1). 

Similarly as the value of B varies y = loge x + B gives a family of 
logarithmic curves (see Figure 16.1). . 

In this example it is interesting to note that from (16.9) the slopes 
of the two families of curves are —x and 1/x, and that the product of 
these slopes is —1, so that the curves cut at right angles. 





y=log.x +B 


Figure 16.1 


Two such families of curves in which every member of one family 
cuts every member of the other family at right angles are said to be 
orthogonal trajectories. 

Exercises 16a 
1. Solve the following differential equations: 


~ dy ; wn UX * 
i) = = sin ij) ——t+2=0 
Oo. x Or 
wen UX _, dy 
iii) — = 3x iv) — =5 
Gi) (i) oa 
2. Form the differential equations whose complete solutions are: 
(i) y = Ax (ii) y = Ae*” 
(iii) y = Ax? + £ (iv) y = Ae®* + Be?” 
x 


3. Prove that for any straight line through the origin dy/dx = y/x 
and interpret this result geometrically. 
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4. The rate of decay of a radio-active substance at any time is 
proportional to the amount remaining at that time, the constant 
of proportionality being k. If initially the amount of substance is 
10 g find an expression for the amount remaining after ¢ sec. 

5. A particle moves in a straight line so that its acceleration is 
always towards a fixed point and varies inversely as the square of its 
distance x from that point. Show that its velocity v is given by 
$v? = p/x + C (uw and C being constants). 

This law is true for the case of the earth attracting a meteorite. 
If x is measured in ft. and v in miles/sec, then wy = 517 x 10%, 
Neglecting the effect of the earth’s atmosphere and assuming its 
radius is 4000 miles, find with what velocity a meteorite would reach 
the earth after moving from a very great distance under its attraction. 

6. A particle falls from rest in air. If the resistance of the air is 
assumed to vary as its velocity v then it can be shown that its 
acceleration a is given by a = 32 — kv (where k is a constant). 
Show that v = 32(1 — e~**)/k and hence find the limiting value to 
which v tends as ¢ increases (known as the terminal velocity). 

7. Find the two general solutions of (dy/dx)? + (x + y) dy/dx + 
xy = 0 and illustrate the results geometrically. 

8. The current i flowing in a circuit at any time ¢ is given by 


te 
p = +Ri=E  (L,R, Econstant) 


where L is the self inductance of the circuit, R its resistance and E 
the external electromotive force. Find i in terms of E, R, L and t, 
and given that initially the current is zero find the value of the current 
as t becomes very large. 

9. Find V if d[r?(dV/dr)j/dr = 0 and V= V, atr=a, V=0 
atr = b. (Vis the potential at a distance r from the common centre 
of two spherical conductors radii a, b at potentials V, and 0 
respectively.) 

10. The ordinate and normal through a point P on a curve meet 
the x-axis in N and G respectively, and NG = kNP? where k is a 
constant. Find the equation of the curve if it passes through the 
point (1, 1) with gradient 2. 


16.2. FIRST ORDER DIFFERENTIAL EQUATIONS 


WITH VARIABLES SEPARABLE 


The order of a differential equation is the order of the highest 
differential coefficient contained in the equation. In this section 
we shall consider only first order differential equations, i.e. equations 
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which contain only a first order differential coefficient dy/dx, dy/dt 
etc. and no higher derivatives. Functions of x and y or x and ¢ 
will also figure in the equations. First order equations with variables 
separable are equations which may be put into the form 


“ = f(x)g(y) (16.10) 
xX 


i.e. dy/dx is equal to an expression which can be resolved into two 
factors, one containing x only, the other y only. (16.10) can be 
rewritten 


Integration with respect to x gives 
{4 dy = | f(x) dx (see section 14.3) 
g(y) 


We have separated the variables whence the name of this type of 
equation. 


Example 1. Find the general solution of the differential equation 
x*y(dy/dx) = x +1. 


2 dy 
xyr=x+1 
Y ax = 


dx x x? 
dy IC ‘) 
Vax =|(2+4)4 
[ro i 2 oe ss 
| ydy =[or +x) dx 
t tog, x tye 
x 


2 


It will be noted that although there are two separate integrations 
only one arbitrary constant is necessary, because the sum or difference 
of two arbitrary constants is another arbitrary constant. 


Example 2. During a fermentation process the rate of decom- 
position of a substance at any time f varies directly as the amount of 
substance y and also as the amount of active ferment x. If the 
constant of proportionality is 0-5, the value of x at any time ¢ is 
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4/(1 + 2%, and initially y = 10, find y as a function of t. Also deduce 
the amount of substance remaining as ¢ becomes very large. 
The rate of change of the substance is dy/dt, 


the rate of decomposition is —(dy/d?) 





Hence ead) o xy 
dt 
but the constant of proportionality is given as 0-5, thus 
dy 
— = —05x 
dt ‘ 
but x= mae 
(1 +)? 
dy 4 
pe "5 ~i—_— 
dt a+A” 
DO 38 ee 
y dt (1+ 1)? 
if ca eet | I 
y dt (1 + 1)? 
ae are 
y 1+t 
2 
lo =— + 
ee Cy 
y = eCt2/G+t) 
y = eleratt) 
y = Aelat (A = ef is a convenient form for the arbi- 


trary constant). 
Now initially ¢ = 0 and y = 10 


10 = Ae? 
ae 10e? = A 
Thus y = 10e%e*/) 
a 10e2/+t)-2 ax 10e72#/1+# 
2t 
ee 2 _. J. 
As t-> 0, i+? 2 and so y—> 10e 1-36. 


If we now reconsider the examples in section 16.1 it will be seen 
that they could nearly all be treated by this method. 
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Exercises 16b 
1. Solve the differential equations 


dy y in dy 
a eae &Y = xy(y —2 
Pak rere (i) = x — 2) 
Gnaty@+y a1 Geer 
dx dx 


2. A particle moves in a straight line in a resisting medium so that 
its acceleration a is given by a= 10(v*+ 9v). If the particle 
passes through the origin with a velocity u find an expression for its 
distance s from the origin in terms of u and v. 

3. Solve th ti (ie 0. 

. Solve the equation de (- =) = 0. 

4. Show that the general solution of the equation (1 + y*) + 
(1 + x*)(dy/dx) = Ocan be written inthe formy = (k — x)/(1 + kx) 
where k is the arbitrary constant. Hence find the particular solution 
for which y = $ when x = 1. 

5. The normal and the ordinate at any point P on a curve meet 
the x-axis at G and N respectively. The difference between the 
length of GN and the x co-ordinate of P is one unit. Find the general 
equation of the curve. 

6. Show that the equation y = 2x(dy/dx) represents a family of 
parabolas with a common axis and a common tangent at the vertex. 

7. Find a function whose rate of change is proportional to the 
square of its value and whose value is 1 when x = 0 and 3 when 
x=1, 

8. In a suspension bridge with a uniform horizontal load the form 
of the chain is determined by the equation 2y = x(dy/dx) where the 
lowest point is taken as the origin of co-ordinates and the tangent 
at this point as the x-axis. Show that the form of the chain is a 
parabola with its axis vertical. 

9, Find the curve such that the normals all pass through the 
origin. 

10. In a reservoir which is discharging over a weir, it is known 


dt 90 


that qa 0 where H ft. is the height of the surface above the 


sill of the weir at any time ¢ min. If initially H = 1 ft. find an 
expression for H. 
16.3. THE DIFFERENTIAL EQUATION 4d?x/di? = kx 


The equation d?x/d1? = kx is a very simple example of a second 
order differential equation but it is of intrinsic importance in 
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kinematics. It arises when the acceleration of a particle is propor- 
tional to its distance from a fixed point. 


i.e. acceleration oc distance 
dt? 
d?x 
— = kx ... (16.11 
ae ( ) 


If the acceleration is directed away from the point, k is positive and 
can be written as n®. Hence 

d?x 

de = nx woe (16.12) 
If the acceleration is directed towards the point, k is negative and can 
be written as —n?. Hence 


d*x 4 
— = —n"x ... (16.13 
dt? ( ) 


The method of solution is to multiply both sides by 2(dx/dt). Thus 
equation (16.11) becomes 


ox dx _ ap, dx 
dt ‘dt? dt 
which can be written 
(3) 
di = 2kx ax 
dt dt 
2 
Hence (2) = foxx ay dt 
dt dt 
2, 
Le (2) = foxx dx (see section 14.3) 
2 
ie (2) = kx? +¢ 
dx 2 
ae = +./(kx + C) 
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THE DIFFERENTIAL EQUATION d?2x/df? = kx 
This is a separable differential equation and by section 16.2 


dx 


General Solutions—If k is positive and equal to n? [see (16.12)] the 
integral (16.14) becomes 


dx 
a cm 
V(n?x? + C) 
and the solution of this integral is beyond the scope of this volume. 


However, if we return to equation (16.12), the solution of the differen- 
tial equation can be obtained as follows: 


dx . 
— = n'x 
dt? 
Subtract n(dx/dt) from both sides of the equation then 
d?x dx dx P 
— —-n— = —n— + nx 
dt? dt dt - 
: d (2 ) (& ) 
i.e. —{— — nx} = —n[— — nx 
dt\dt dt 
If we now set z = dx/dt — nx we have 
dz 
— = —nz 
dt 


This is a separable differential equation (see section 16.2) and we 
have that 


Pe logez = —nt +A 
from which z = Ce-"’, 
Resubstituting for z 
ax nx = Ce! 


dt 


Reconsider the original equation 
2 
Oe a8 


dt? 
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... (16.15) 
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and this time add n(dx/dt) to both sides of the equation; then 


aie ap gee 
: sige tm) (Gr +) 
1.e. at\de + nx n a; + nx 
If we now set z = (dx/dt) + nx we have 
dz 
— = NZ 
dt 


This is again a separable differential equation and we have that 


[Es [na 
Zz 


logez=nt +B 
from which z = De”, 
Resubstituting for z 


— + nx = De” .. (16.16) 


We now subtract equation (16.15) from equation (16.16) to eliminate 
dx/dt and we have 


2nx = De” — Ce 


x= et =e 
2n 2n 
x = Ae™ + Be .» (16.17) 
(A = D/2n, B = —C/2n are convenient forms for the arbitrary 


constants.) 
If k is negative and equal to —n? [see equation (16.14)] then the 
solution is 


THE DIFFERENTIAL EQUATION d?x/df? = kx 
If we let p? = C/n? the solution to this is 


t= +s grt2 4 kK 
n p 
or nt —nK = +sin—~ 
Pp 
ie. nt +¢ = +sin7= (putting « = —nK) 
Pp 


Hence x = -+|p| sin (ut + €). 

The ambiguous sign can be absorbed by changing the sign of p, 
since p is arbitrary, or by replacing « by « + 7 since ¢ is arbitrary; 
hence the solution is 

x = psin (nt + «) .. (16.18) 


This may be rewritten 


x = psinntcos e + pcos nt sine 
i.e. x = Asinnt + Bcosnt ... (16.19) 


where A= pcose, B=psine (see also sections 6.8 and 16.1, 
Example 4). 

Note that x is a periodic function, period 27/n. 

The solutions (16.17), (16.18), (16.19) should be remembered. 


Example 1. Solve the equation d?x/di? = 4x, given that when ¢ = 0, 
= 5 and dx/dt = 2. 
From (16.17) the solution of d?x/dt? = 4x is 


x = Ae**+ Be ... (i) 
Hence = = —2Ae~** + 2Be* sual} 


We are given that when t = 0, x = 5 and dx/dt = 2. Substituting in 
(i) and (ii) we have that 


5=A+B 
and 2=—2A+2B 
Hence A=2, B=3 


x = 2e* + 3e% 
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Example 2, The velocity of a particle is given by v = +/(16 — 9x?). 
Find an expression for its acceleration in terms of x. Thus given that 
x = 0 when ¢ = 0 find an expression for x. 


v = ./(16 — 9x*) 
dv —9x 
dx  /(16 — 9x?) 
Now acceleration = v do 
dx 
—9x 
== ./(16 — 9x2) ————_ 
VG Oe) Tae aos) 
Thus acceleration = —9x 
or d’x _ _9, 
dt? 


From (16.19) 
x = Asin 3t + Bcos 3t 


Initially t = 0, x = 0 
: x = Asin 3t 


Now v = dx/dt = 34 cos 3t and from the given expression when 
x=0(7¢=0),0=4 

. 4=3 
i.e. A=4 
giving x=4 


Example 3. The acceleration of a particle is proportional to its 
distance from a fixed point O and is directed towards that point. 


we ------ 16cm ---------- > 
—S+> 
0 A 
ee OX 
Figure 16.2 


The particle starts from rest at a point A distance 16 cm from O. 
If after 3 sec the particle reaches O, find when it was at a distance of 
8 cm from O. 


348 
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Measure the distance x from O in the direction OA. Because the 
acceleration is directed towards O we have 


d?x 
—-—— cx 
dt? 
2 
de 2 n’x 
dt? 
From (16.18) the general solution of this is 
x = psin (nt + ) ...-(i) 
Thus the velocity v (= dx/dt) is given by 
v = pn cos (nt + e) .. (ii) 


From the initial conditions when t = 0, x = 16 and v = 0. 
Substituting in (i) and (ii) we have that 


16 = psine ... (iti) 
0 = pncos « ...-(iv) 


From the equation (iii) and (iv) 


=16 and «== 

Pp € 5 

Thus x = 16sin (nm + 2) 
Now when t = 3, x = 0, hence 


0 = 16 sin (3n +2 


ive. 3n + =0, +7, -+27,... 


The only acceptable solution is 


3n ks 


thus n = 7/6 giving as the complete solution 
x= 16sin (71 +2) 2 eV 
6 2 ) 
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To find when the particle was at a distance of 8 cm from O 
substitute x = 8 in (v), then 


8 = 16si (z: 2) 
Tha Fes 


‘ _ [a T 1 
i.e. ee Br eed ieee 
sin (2 + 2) 5 

A pa =nw + our (see 7.4) 


The value n = 1 gives the smallest value for ¢t for which x = 8, 
thus 
T 
6 
i.e. t= - sec. 


Example 4. A particle of mass m is suspended from a light elastic 
string. Its acceleration is given by g — (Ax/ma) where g, 4 and a are 
constants and x is the distance of the particle from a fixed point A. 
Find an expression for x at any time ¢. 


Acceleration = g — a 
ma 
2 
i.e. dx Ax 
dt? ma 
This can be written 
d?x a ( mae . 
TS TX > ieuece 
dt? ma A @ 
Now let z = x — (mag/A). Then d?z/d¢? = d®x/dz? and equation (i) 
becomes ‘ 
d°z A 
ee ea 
dt? ma 
This is the same as equation (16.13) with 
4 ay 


Thus its solution is 


= na{ (2) 
sett (Ed 
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Exercises 1l6c 


1. Find the solution of the equation d?x/dt? = 25x given that 
when ¢t = 0, x = 12 and dx/dt = 10. 

2. Find the solution of the equation d?x/dt® + 4x = 0 given that 
when t = 0, x = 4 and dx/dt = 6. 

3. A particle starts from rest and moves towards a fixed point O 
under the influence of a force which is directed towards O, and which 
varies as the distance of the particle from O. Initially the particle 
was 10 ft. from O and its acceleration was 10 ft./sec? towards O. 
Find: 

(i) its velocity when 8 ft. from O 

(ii) its velocity at O 

(iii) its distance from O after 7/3 sec. 

4. A particle moves so that its equation of motion is d?x/dt? = 
—16x. Initially v = —16 ft./sec and x = 3 ft. Find: 

(i) its velocity when x = 5 ft. 

(ii) its velocity when x = 4 ft. 

(iii) the value of x when its velocity is 20 ft./sec. 

5. Solve the equation d?x/dé = 36x — 72 given that when 
t= 0, x = 7 and dx/dt = 32. 


EXERCISES 16 
1. Obtain the general solution of the following differential 
equations: 


(a) data 2 reaty (by 2 4 y = x2y 
dx dx 


d 
() y— xe = xy. 
dx 


2. Obtain the differential equation for which y = Ax + A® is the 
general solution. 
3. Solve the equation 


ayy dy 
dy) _ ay =0 
(2 (+ yet xy 


and interpret the results geometrically. 
4, Find the general expression for y given that it satisfies the 
equation 


yl + x) — ax(1 — y') =0 
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5. The horizontal cross-section of a tank has a constant area 
Ain? Water is poured into the tank at the rate of K in.3/sec. At the 
same time water flows out through a hole in the bottom at the rate of 
H4/y in.3/sec, where y in. is the depth of the water. Show that at 
time t sec, A (dy/dt) = K — H,/y. By putting y = x? find the general 
solution of this equation when H, K are constants. If y = 0 when 
t = 0 deduce that 


Ht jog, (—*) — HY 


2AK K—HJy K 
If A = 1000, H = 100, K = 600 show that when y = 25, the value 
of tis 115 approximately. (Take loge 6 = 1-79180.) (J.M.B.) 


6. Show that the solutions of the differential equation 


yy a dy 
— — — — = 0 
xy ( 7s (x" — y’) fe 


are the two families of curves 
xy=A and *—y?=B 


Show that these two sets of curves are orthogonal trajectories. 

7. Given that y = (sin“ x)? prove that (1 — x®)(dy/dx)? = 4y. 
Deduce that (1 — x?)(d?y/dx”) — x(dy/dx) = 2. 

8. If y = A tan (x/2) where A is a constant, prove that 

(1 + cos x)(d?y/dx?) = y. 

9. Write down the general solution of the differential equation 
dy/dt = —ky where k is a constant. 

A radio-active substance disintegrates at a rate proportional to 
its mass. If the mass remaining at time ¢ is m, show that 


m = men** 


where my is the initial mass and k is a constant. 

One third of the original mass of the substance disintegrates in 
70 days. Calculate, correct to the nearest day, the time required for 
the substance to be reduced to have half its original mass. If the 
original mass was 100 g, calculate correct to the nearest g the mass 
remaining after 210 days. (J.M.B.) 

10. Find the curves such that the portion of the tangent included 
between the co-ordinate axes is bisected at the point of contact. 

11. Prove that if y = e~*‘(A sin pt + Bcos pt) where k, p, A 
and 8 are constants then 


d’y dy 2 2 
— +2k— k*)y =0 
a2 a at + (p* + ky 
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12. Solve the differential equation 


dy 1(dy? . 1 (dy 
e=1 + (2) + Hf 22+. 
dx)" 21\dx/ © 3t\dx 
: dy yt9x 
13. Given that ie pee 
obtain an equation expressing dz/dx in terms of z and x. Solve this 
equation and deduce that 


(3x + y)3x — yP = C 

where C is an arbitrary constant. (J.M.B.) 
14, A rectangular tank has vertical sides of depth A and a horizon- 
tal base of unit area. An inlet supplying water at a constant rate 
fills the tank in time T when running alone. An outlet, through 
which water flows at a rate proportional to the square root of the 
depth of water in the tank, empties the tank in time 47 when 
running alone. Show that, if x is the depth of water at time t when 
both outlet and inlet are running then dx/dt = p — qv/x, where 
p =AlT and g = Vh/2T. Deduce that if both inlet and outlet are 
running, the initially empty tank will be filled in time 47(2 log, 2 — 1). 
(J.M.B.) 

15. A particle is moving in a straight line and its distance at 
time t from a fixed point O in the line is x. Its speed is given by 


50 = (40 — x)(x — 20) 





use the substitution y = zx to 


and x = 25 when t= 0. Find an expression for x in terms of ¢. 
Find the greatest speed in the interval 20 < x < 40 and the value 
of t when the greatest speed is attained. (J.M.B.) 
16. Show that the substitution y = vx (where v is function of x) 
reduces the equation 
dy _ dy 
ea car ae 


to a separable equation for v and hence show that its solution is 
loge (x? + y*) = 2 tan” Yue 
x 


17. Use the substitution y = vx, where v is a function of x, to 
reduce the differential equation 
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to a differential equation involving v and x. Hence find y as a 
function of x given that y = 0 when x = 1. 
18. By using the substitution y = xz, or otherwise, solve the 
differential equation : 
PE ae ee a (J.M.B.) 
dx x x 
19. If d*s/dx* +s = 1 and when s = 2, ds/dx =0 prove that 
(ds/dx)? = 2s — s%. If s=0 when x =O prove also that s = 
1 — cos x. 
20. Show that, by means of the substitution y = t — x2, the 
equation a 
. re +x? +y+2=0 


becomes —+t= 


Solve this latter equation and hence obtain the general solution of 
the original equation. 
21. The rate of cooling of a body is given by the equation 
oF a ZUT= 10) 
dt 
where T is the temperature in degrees centigrade, k is a constant, and 
t is the time in minutes. 
When ¢=0, T= 90 and when t= 5, T= 60. Show that 
T = 41} when t = 10. (J.M.B.) 
22. The motion of a particle P, whose co-ordinates are (x, y) 
referred to a pair of fixed axes through a point O, satisfies the 
equations 


d?x 3 d*y F 
— = —w*x; — = —w 
dt? di? q 
The initial conditions are 
x =a, y=0, or 0 and ot = bw when t=0 


dt 
Prove that the path of the particle is the ellipse 


x ( zy 
as oo) = 1 
(:) a b 
(The general solutions of d?x/dt? = —w*x, d?y/dx? = —w*y may be 


quoted.) (J.M.B.) 
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23. A particle of mass m is projected with speed V vertically 
upwards from a point on horizontal ground. Its subsequent motion 
is subject to gravity and to a resistance kmv? where v is the speed and 
k is a constant. If its acceleration is equal to —g — kv® show that 


: aden ye 
the greatest height attained is hk log, (1 +k =). 


24. The horizontal cross-section of a tank is of constant area 
Aft?, Water is flowing into the tank at a constant rate of B ft.?/sec 
and at the same time water is leaking out from the bottom of the 
tank at the rate of Cx ft.3/sec, where x ft. is the depth of water at 
time ¢ sec. Show that A(dx/dt) = B — Cx. If x = 0when ¢t = 0, 
find x in terms of ¢. If A = 40, B= 1, C = db find the value of t 
when x = 2. (J.M.B.) 

25. (a) In the differential equation 


(etyQaxttaytxtl 


change the dependent variable from y to z, where z=x + y. 
Deduce the general solution of the given equation. 

(b) The normal at the point P(x, y) on a curve meets the x-axis 

2 

at Q and N is the foot of the ordinate of P. If NQ = ws ; 
find the equation of the curve, given that it passes through the point 
(3, 1). (J.M.B.) 

26. A particle is projected vertically upwards with a speed 
g/k, where g, k are constants. If the subsequent motion is subject to 
gravity and to a resistance to motion per unit mass of k times the 
speed, then the acceleration is given by 


Find expressions for the speed v and the height x reached after 
time t. Also show that the greatest height H the particle can reach 
is given by 

k*H = g(1 — log, 2) 


27. A particle moving along a straight line OX is at a distance x 
from O at time ¢ and its speed is given by 


git 
dt 
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If x = 4 when ¢ = 1 prove that x = 8¢/(1 + 7). Find 
(i) the speed when ¢ = 0 
(ii) the maximum distance from 0 
(iii) the maximum speed towards 0 for positive values of tf. 
(J.M.B.) 
28. The equation of motion of a particle is 


2 
2c(1 + sin 6) (5) = g[2(cos « — cos 0) — (cos 2x — cos 26)] 


If « and @ are small show that this equation reduces approximately 
to 


If initially t = 0 and 6 = « deduce that 


omasinL/E)+ 


29. The displacement of a particle at time ¢ is x, measured from a 
fixed point and dx/dt = a(c? — x*) where a and ¢ are positive 
constants and x = 0 when t = 0. Prove that 


(et _ 1) 
= ¢ 
(e*# ++ 1) 
If x = 3 when ¢ = 1 and x = 7} when ¢ = 2 prove that c = 5 and 
find the value of a. (J.M.B.) 


30. A mass is moving horizontally against a resistance which is 
proportional to its speed. If at any time f its speed is v and x is the 
distance moved its equation of motion is known to be 


P(V? — v?) = 7V*v? a 
dx 
P, V being constant. 
Find an expression for x in terms of v and from this expression 


show that the distance covered by the mass while its speed increases 


¥: . 1V8 ; 
from 4V to 3V is inp © log,  — 5). 
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INTRODUCTION TO CO-ORDINATE 
GEOMETRY 


17.1. CO-ORDINATES 


Cartesian Co-ordinates—When drawing graphs it is necessary to 
have two fixed reference lines. These are known as the axes, Ox 
and Oy and are normally at right angles to each other. The axes 
enable us to locate any point P ina plane by means of its perpendicular 
distances from Oy and Ox. 

Referring to Figure 17.1 the lines PL, PM, perpendicular to the 
axes define the position of P. The lengths PM, PL are known as 





Figure 17.1 


the cartesian co-ordinates of P. The length PM (x) is known as the 
abscissa and the length PL (y) is known as the ordinate. The pair 
are written in order as (x, y). We note that if P is the point (x, y) 
then it is also true that OL = x, and OM = y. 

The usual sign convention is used. For points to the right of Oy 
the abscissa is positive, and for points to the left of Oy the abscissa 
is negative. For points above and below Ox the ordinate is positive 
or negative respectively. Thus the points A(4, 3), B(—2, 5), C(—4, 
—3), D(1, —3) are as shown in Figure 17.2. 

Polar Co-ordinates—The position of a point P in a plane can be 
described by other methods. Consider a fixed line Ox, O, the origin, 
being a fixed point on it. Referring to Figure 17.3 we see that the 
position of P is known if the angle POx and the distance OP are 
given. The angle POx (6 in Figure 17.3) is called the vectorial angle 
and is considered positive when measured in an anticlockwise 
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direction. The distance OP (r in Figure 17.3) is called the radius 
vector and is considered positive when measured from O along the 
line bounding the vectorial angle and negative in the opposite 
direction. Then (r, 6) are known as the polar co-ordinates of P. 





Figure 17.2 


In Figure 17.3 if OP is produced backwards to P’ so that OP = OP” 
then P’ is the point (r, 0 + 7). Note that its polar co-ordinates could 
be given as (—r, 9), (r, 9 + 3m) or in many other forms. To avoid 
confusion it is usual to take r as positive and the angle 6 between 
—m and +7, thus P’ is the point [r, —(7 — 6)}. 





“7 ~(2-@) 
Figure 17.3 


Example 1, Show on a diagram the position of the points A(4, 77/6), 
B(3, —57/4), C(—S, 7/9), D(—2, 27/3) and where necessary give 
alternative polar co-ordinates for each point with r positive and 6 
between —7z and 7. Figure 17.4 shows the points A, B, C, D. From 
the figure it can be seen that, if r is to be positive and 6 between —z 
and 7, A(4, 7/6) is unaltered but B(3, —57/4) becomes (3, 37/4), 
C(—5, 7/9) becomes (5, —87/9), D(—2, 27/3) becomes (2, —7/3). 

The Transformation from Polar Co-ordinates to Cartesian Co- 
ordinates or Vice Versa—Consider Figure 17.5 where the point P 
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has cartesian co-ordinates (x, y) and polar co-ordinates (r, 9). Then 
x = ON = OP cos 0 = rcos 6 .. (17.1) 
y = PN= OPsin 0 = rsin 0 ... (17.2) 





C(-5, 3) p(-2, 22) 
(b) 
Figure 17.4 


Example 2. Find the cartesian co-ordinates of the points P(3, 7/6) 
and Q(5, 37/4). 

P is the point (3 cos (7/6), 3 sin (77/6)) i.e. (2-598, 1-5). 

Q is the point [5 cos (—37/4), 5 sin (—37/4)]i.e. (—3-536, — 3-536). 

From (17.1) and (17.2) we have by squaring and adding (or direct 
from Figure 17.5) 


r2 = x? + yp? ... (17.3) 
and by division tan 0 = 2 ....(174) 





Figure 17.5 


Example 3. Find the polar co-ordinates of the points A(—4, 4) 
B(—3, —3). 


—4 
ForA, rf =(—4?+(4? and 6 = tan”? (=) 


= 
and for B, r?=(—3)?+(—3)? and 6 = tan (=) 
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It is best to draw a figure to find which value of 6 is required and 
from Figure 17.6 it can be seen that: A is the point (4./2, 37/4) and 
B is (3,/2, —377/4). 





Figure 17.6 


Exercises 17a 


1. Indicate on a diagram the positions of the points whose cartesian 
co-ordinates are: A(3, 4), B(—5, 2), C(0, 6), D(6, 0), E(—1, —2), 
F(6, —5), G(—3, 0), H(0, —3). 

2. Indicate on a diagram the positions of the points whose polar co- 
ordinates are A(3, 7/4), B(4, 27/3), C(5, —7/4), D(3, =), E(5, —z/2), 
F(4, —57/6), G(2, 0). 

3. By means of a diagram rewrite the polar co-ordinates of the 
points A(—2, 37/4), B(5, 177/9), C(3, 47), D(—2, —Sz/4), E(—6, 
107/9), F(—4, —57/4), G(—6, —137/6) with the radii vectors all 
positive and the vectorial angles between —z and 7. 

4. What are the cartesian co-ordinates of the points whose polar 
co-ordinates are (3, 7/2), (4, —7/3), (5, 7), (2, —57/6), (3, —7/2). 

5. Find the polar co-ordinates of the points whose cartesian co- 
ordinates are (2, 2), (~3, —4), (0, 5), (—12, 5), (3, 0), (6, —3). 

6. Find which of the following points coincide A(3, 3), B(—6, 
7/3), C(3,/2, 57/4), D(3, —3), E(—3, —5-196), F(3./2, —77/4), 
G(3,/2, —57/4), H(—3, —3), J(—3./2, 37/4). 

7. The six points A, B, C, D, E, F, are equally spaced on the 
circumference of a circle radius 2, centre the origin. If A is the 
point (,/2, ,/2) write down the polar co-ordinates of the six points. 

8. On which line does the point P lie if its cartesian co-ordinates 
are (A, B) and its polar co-ordinates are (A, B)? 

9. A point P is such that its x and y co-ordinates are equal both 
in magnitude and sign. Plot on a diagram several possible positions 
of P and deduce on which line P must lie. If P is such that its x and 
y co-ordinates are equal in magnitude but opposite in sign on which 
line must P lie? 
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10. ABCD is a square, AC is a diagonal. If the co-ordinates of 
A, C are (—5, 8), (7, —4) find the co-ordinates of B and D. 


17.2. THE DISTANCE BETWEEN TWO GIVEN POINTS 
IN TERMS OF THEIR CARTESIAN CO-ORDINATES 


Let P(x, 1) and Q(x2, y2) be the two given points. Draw PA, 
QB parallel to Oy, and QL parallel to Ox. The angle PLQ (see 
Figure 17.7) is a right angle. 


Then QL = BA = OA — OB = x, — x 
PL = PA — AL = PA — QB= yy. — ya 
and since PLQ is a right angle 





Figure 17.7 


PQ = ,/(PL? + LQ’) 
PQ = Vie — X2)? + G1 — ya)") ... (17.5) 


In the above case we have assumed that all the co-ordinates are 
positive but, if due regard is paid to the usual sign convention, the 
formula is true in all cases. 


Example 1. Show that the points A(5, —6), B(—3, 0), C(—1, 2) 
form an isosceles triangle. 
Substituting in the formula (17.5) we have that 


BC = /{((—3) — (-DP + [0 — 27} = /8 = 2/2 

AB = //{[5 — (3) + (—6) — OF} = /100 = 10 

AC = J{[5 — (—DF + (—6) — 27} = 100 = 10 
since AB = AC the triangle ABC is isosceles. 
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Exercises 17b 

1. Show that the points A(6, 2), B(3, 6), C(—1, 3) and D(2, —1) 
are the vertices of a square. 

2. If P is the point (3, 4) and the reflections of P in Ox and Oy 
are A and B respectively find the distance AB. 

3. Show that the points A@, 2), B@2, 2), C(z, —3), D(—2, 8) 
are the vertices of a parallelogram. 

4. Find the lengths of the sides of the triangle ABC where A, B, C 
are the points (0, 4), (4, 10) and (7, 8) respectively. Hence show that 
(a) ABC is right angled. (Hint: use Pythagoras.) (b) AB = 2BC. 

5. The points A(x, 1) and B(—6, —5) are equidistant from the 
point C(3, —2). Find two possible values for x. 

6. Find the distances between the following pairs of points: 

(i) (a, b), (—a, —b) 
(ii) (2a, 26), (0, 0) 

(iii) (3a, 3b), (a, b) 

(iv) (a+ b, a — b), (b—a,a +b). 

7. Show that the points A(5, 4), B(8, 1), C(6, 3) lie on a straight 
line. (Hint: show that AC + CB = AB). 

8. The points P(x, y), A(4,3) and B(—1, —3) are such that 
PA = PB. By equating the expressions for PA? and PB? show that 
10x + 12y — 15 =0. 

9. Show, from first principles, that the distance between the two 
points whose polar co-ordinates are (r,, 6) and (rs, 92) is given by 
Vir? + r2 — 2ryre cos (6, — 6,)]. 

10. Find the co-ordinates of the point P which is equidistant from 
the three points A(1, —1), B(9, 7), C(1, 7). 


17.3. THE CO-ORDINATES OF THE POINTS WHICH 
DIVIDE THE LINE JOINING TWO GIVEN POINTS 
INTERNALLY AND EXTERNALLY IN A GIVEN RATIO 


Internal division. In Figure 17.8 R divides PQ internally in the ratio 
kil. 

External division. In Figure 17.9 R divides PQ externally in the 
ratio k:1. 

In both cases let P, Q and R be the points (x,, y1), (2, yg) and 
(X, Y) respectively. Then 


AC:CB = PM:MN = PR:RQ = kil; 


AC &k 
hence — =- 

CB i! 
that is JAC — kCB = 0 
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Internal division External division 
AC=X—x; CB=x,—X AC=X—x,; CB=X-—-x, 
hence hence 

WX — x) —k(x, — X) = 0 WX — x1) — k(X¥ — x.) =0 
whence whence 
Ix, + kx. _ a Kx» 

X= THR .. + (17.6) Kes rk ... (17.8) 

similarly similarly 
st ly, + kys nh Ky 
oe iey Sty ... (17.7) alae can a ... (17.9) 





Figure 17.8 


It is useful to remember that the formulae for external division 
are obtainable from those for internal division by changing the 
sign of either / or k. 







Axpy2) of ROY) 


Figure 17.9 


Example 1. The points A and B divide the line joining P(3, 2) and 
Q(7, 9) internally and externally in the ratio 5:4. Find the co- 
ordinates of A and B. 
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A is the internal divisor; therefore using (17.6) and (17.7) 


_4x345x7_ 47 


XxX 
4+5 9 
4x2+5x9 53 ; ; 
Y = —————_ ==; A is point (42, 53 
445 9 p (4, 53) 


B is the external divisor; therefore using (17.8) and (17.9) 
OPS KT 


XxX 23 
4—5 
y= Sea? = 37; _ Bis the point (23, 37) 


Example 2. A, B, C, are respectively the three points (—5, 2), 
(3, 4), (7, 5). Find (a) the ratio in which B divides AC and (d) the 
ratio in which C divides AB. 

(a) Let k:/ be the required ratio. Then using the equations (17.6) 
and (17.7) and noting that (x,, y,) and (xe, y2) are the points (—5, 2) 
and (7, 5) respectively we have 


ik+(—5)l _, and Sk+2l_, 
k+l k+l 





From the first of these two equations 


7k — 51 = 3k +31 


hence 4k = 81 
k_2 
1 1 


As a check substitute in the second equation 


(5) Again let k:/ be the required ratio and again use the equations 
(17.6) and (17.7) but this time (x, y,) and (x, ye) are the points 
(—5, 2) and (3, 4) respectively, hence 

3k+(=5l_ 9. 4k +21 
k+l ; k+l 
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From the first of these two equations 
3k — 51 = 7k + 71 


—4k = 121 
Rina 
La 
As a check substitute A = —3, / = 1 in the second equation 
Lus, = 4@3)4+2x1_—10_, 
—3+1 —2 


Note that in part (6) the formulae for the internal divisors were used 
but gave a negative value for the ratio indicating that C is an 
external divisor of AB. 


Exercises 17c 


1. A and B are the points (3, 5) and (—5, —7) respectively. Find 
the co-ordinates of the points which divide AB internally and 
externally in the ratio 3:1. 

2. Find the co-ordinates of the midpoint of the line joining the 
points A(5, 6), B11, 2). 

3. P and Q are the points dividing the line joining A(—3, —4), 
B(5, 12) internally and externally in the ratio 5:3. Find the co- 
ordinates of P and Q. 

4. A, B, C are the points (5, —3), (—4, 9), (14, —15) respectively. 
Given that ABC is a straight line find the ratios in which (a) B 
divides AC (5) A divides BC and (c) C divides AB. 

5. The line joining the points A(3, 4) and B(7, 6) meets the line 
joining C(1, 3) and D(11, 8) at the point P. Given P is the midpoint 
of AB, find its co-ordinates and hence find the ratio CP: PD. 

6. The three points A(5, 6), B(—3, 2), C(—8, —5) form a triangle. 
Find the co-ordinates of the A’, the midpoint of BC. If G is a point 
on AA’ such that AG:GA’ = 2:1, find the co-ordinates of G. 

7. The line joining A(a, 5) and B(p, q) is divided into six equal 
parts by the points P,, P,, Ps, Py, P;. Find the co-ordinates of P, 
and P,. 

8. The two points A(4, 3) and B(8, —6) together with the origin 
O form a triangle OAB. Find the co-ordinates of the point P in 
which the external bisector of AOB meets AB. (Hint: find the 
lengths OA and OB; then the external bisector of an angle of a 
triangle divides the opposite sides externally in the ratio of the sides 
containing the angle.) Deduce that the internal bisector of the angle 
AOB is the x-axis. 
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9. If AG, 1), B(x2, ¥2), C(%g, yg) are the vertices of the triangle 
ABC write down the co-ordinates of A’ the midpoint of BC. Hence 
find the co-ordinates (x, ) of G the point which divides AA’ 
internally in the ratio 2:1 (G is known as the centroid). 

10. Find in what ratio the point (4b — 2a, 9c — a) divides the line 
joining the points (a + b, 3c + 5a) and (5b — 3a, lle — 3a). 


17.4. THE AREA OF A TRIANGLE IN TERMS OF 
THE CO-ORDINATES OF ITS VERTICES 


Let the triangle be ABC where A, B and C are the points (x, »,), 
(Xa, Ya), (Xg, Ys) Tespectively. 





Figure 17.10 


Draw AP, BQ, CR, perpendicular to Ox (see Figure 17.10). Then 
area AABC = area of trapezium APRC — area of trapezium 


APQB — area of trapezium BQRC. 
= (AP + CR). PR — 4(AP + BQ). PQ 
— #(BQ + CR). QR 
= 401 + Ya)(%s — 1) — 301 + Ye)%2 — ¥1) 
— 30/2 + Ya)(%s — Xa) 
which when simplified gives 


area AABC = 4(x,y2 — X2)1 + X2¥s — XaVe + XaV1 — Xiy) 
..».(17.10) 
The numerical value for the area is independent of the order in 
which the vertices are taken. However, if the order is such that on 


going round the triangle the area is always on the left hand the area 
will be positive. 
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Condition for Three Points to be Collinear—If the three points 
A(x; 91), B(Xe, 2) and C(x, ys) are collinear then the area of the 
triangle ABC is zero. Hence from (17.10) the condition for the 
three points to be collinear is 


X Vo — XVr +XaV3 — Xa + XVi— Mys =O «...(17.11) 


Example 1. Given the four points A(3, 4), B(9, 7), C(7, 6) and 
D(5, —3). Show that A, B and C are collinear and find the area of 
the triangle ABD. Consider the area of ABC, by substituting the 
co-ordinates of A, B, C in (17.10) 


Area AABC = 433 X 7—4X%94+9x6—7X7+7x4—6~x 3) 
= 4(21 — 36 + 54 — 49 + 28 — 18) 
=0 

Hence A, B, C are collinear. 


The area of AABD, using the co-ordinates of A, B, D in (17.10), 
is given by 


Area AABD = 3[3 xX 7-4 94+9 x (—3)—7x 5 
+5 x 4—(—3) x 3] 
= #(21 — 36 — 27 — 35+ 20+ 9) 
== 24 square units 


Exercise 17d 


1. Find the area of the triangle ABC where A, B and C are the 
points (5, 6), (3, 2), (8, —1). 

2. Show that the points A(i, 5), B(—3,9) and C(—2, 8) are 
collinear. 

3. Find the areas of the triangles whose vertices are: 

(i) (3, 4), (5, 6), (—2, 0) 

(iv) (4, 7), (0, 2), (—3; 0). 

4. A, B, C are the points (0, 4), (4, 10), (7, 8) respectively. Using 
Pythagoras’ theorem prove that angle ABC is a right angle. Find 
the area of the triangle ABC by means of the formula (17.10) and 
verify your result by using the formula for the area 3AB . BC. 

5. Show that the four points A(—7,5), BC, 1), CG, —1), 
D(13, —5) all lie on a straight line. 

6. If the points A(5, 6), P(x, y) and B(2, 3) are collinear show that 
x—-y+1=0. 
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7. The points A(3, 4), B(5, 3), C(—1, —1) and D(—3, 0) form a 
quadrilateral. Show that the midpoint P of AC lies on the line 
BD. Show also that the area of triangle PAB is equal to the area 
of the triangle PCD. 

8. Find the area of the quadrilateral ABCD where A, B, C and D 
are the points (1, 1), (5, 4), (4, —1) and (—3, —12) respectively. 

9. The four points A(O, 0), B(5, 1), C(—4, 4) and D(—1, —5) 
form a quadrilateral. Find the areas of the triangles ABC and ACD 
and hence find the area of the quadrilateral by adding the two 
results. Draw a figure and explain why the sum of the areas of 
triangles ABD and CBD do not equal the area of the quadrilateral. 
10. Show that the condition = a= P= 

2 
the condition (17.11) for the three points (x,, i (ta, Ye) (Xa, V3) to 
be collinear. 


° is equivalent to 


17.5. LOCI 


If a curve can be defined by a geometrical property common to 
all points on it then there will be an algebraic relation which is 
satisfied by the co-ordinates of all points on the curves. Such an 
algebraic relation is called the equation of the curve. Conversely 
all points whose co-ordinates satisfy a given algebraic relation are on 
a curve known as the locus of the given equation. 


Example I. A given circle has its centre C at the point (3, 4) and 
its radius is 5 units. Find its equation. 

In order to find the equation of the circle we have to find the 
algebraic relation satisfied by all points on the curve. 

Let P(x, y) be any point on the curve 


Then PC is a radius of the circle 
hence PC =5 

thus Vie — 3? + 0 — 49] =5 
or (x — 3)? + (yy — 4? = 25 


which is the required equation. 


Example 2. A point C moves so that its distances from two fixed 
points A(5, 3) and B(7, 4) are always equal. Find the equation of the 
locus of C. 
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Let C be the point (x, y) 


Since CA = CB. 
CA? = CB? 
(x — 5? + — 3P =(*- 7? +0 — 4)? [see (17.5)] 
x2 — 10x + 25+ 32—6y4+ 9 
= x? — 14x + 49 + y? — 8y + 16 
thus 4x + 2y = 31 which is the required equation. 
Example 3. A circle of radius 6 units passes through O the origin 


of co-ordinates and has the x-axis as a diameter. Find its polar 
equation. 





Figure 17.11 


Since the polar equation is required let any point P on the circle 
have polar co-ordinates (r, 6) (see Figure 17.11). 
Since OA is a diameter, angle OPA is a right angle hence OP/OA = 
cos 0, thus 
OP = OA cos 0 


or r= 12cos@ 


which is the required equation. 

The equation of the curve need not be a direct relation between 
the co-ordinates (r, 8) or (x, y) of any point on the curve. The 
co-ordinates can be obtained in terms of a third variable known as a 
parameter. 


Example 4. A circle has its centre C at the point (10, 8) and its 
radius is 7 units. Find its equation. 
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Referring to Figure 17.12, CLD is parallel to Ox. P(x, y) is any 
point on the circle and PCD = 6. As @ varies P describes the 


circle. 
y= PB=PL+LB=PL+CA 


= PCsin@+ 8 
=7sin@d+8 
x = OB = OA + AB= OA + CL 
= 10+ PCcos@ 
= 10+ 7cos 0 
Hence x=T7cos6+10, y=7sin@+8_....(17.12) 





P (xy) 





Figure 17.12 


are the parametric equations of the circle and for any value of 6 the 
equations (17.12) give the x and y co-ordinates of a point on the 
circle. 

The x, y equation can be obtained by eliminating the parameter 6. 
From equation (17.12) 

x —10=7cos 6; y—8=7sin 6 
Squaring and adding gives 
(x — 10)? + (y — 8)? = 49 (cos? 0 + sin? @ = 1) 

which is of the same form as the circle in Example 1. 


Exercises 17e 


1, Find the equation of the circle centre (3, —4) radius 7. 
2. A point P moves so that PA = 2PB where A, B are the fixed 
points (—2, 1), (5, 6) respectively. Find the locus of P. 
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3. A(3, 2) and B(6, 4) are two fixed points and the point C moves 
so that the angle ACB is always a right angle. Using Pythagoras’ 
theorem find the locus of C. ; 

4. Acircle of radius 4 units passes through O the origin and has the 
y-axis as a diameter. Find its polar equation. 

5. Find the equation of the circle on AB as diameter where A and 
B are the points (—3, —4) and (7, 20). 

6. Find the equations of the curves whose parametric equations are 

(i) x=ct, y=celt 

(ii) x = acos 8, y = bsin 0. 

7. A point P moves so that its perpendicular distance from the 
y-axis is always equal to its distance from the point (2, 3). Find the 
equation of the locus of P. 

8. A point P moves so that its distance from the axis of x is half 
its distance from the origin. Find the locus of P. 

9. A point P moves along a line parallel to the axis of x at a 
distance 6 units from it. Find the polar equation of the locus of P. 

10. A(O, 2) and B(O, —2) are two fixed points. The point P 
moves so that PA + PB = 8. Find the equation of the locus of P. 
(Hint: use the result (17.5) but before simplifying, rewrite the given 
condition in the form PA = 8 — PB.) 


17.6. THE POINTS OF INTERSECTION OF TWO LOCI 


In order to find the points of intersection of two loci we note that 
where they intersect, there is a point common to both curves. The 
co-ordinates of this point will satisfy the equations of both curves 
simultaneously. Thus if the equations are solved simultaneously the 
solutions will be the co-ordinates of the common points. 


Example 1. Find the point of intersection of the two loci 3x — 
y —5=Oand 12x + y — 25=0. 
3x —y—5=0 
12x ++ y—25=0 
Adding these equations eliminates y and gives 
15x — 30=0 
Thus x = 2, and by substituting in the first equation y = 1. The 
required point is (2, 1). 
Example 2, Find the points of intersection of the circle (x — 3)? + 
(y — 4)? = 25 (see section 17.5, Example 1) and the locus 
ytx—12=0 
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The equation of the circle simplifies to 


x? + y? — 6x — 8y = 0 .. (i) 
and from the second equation e 
y=l12—x ... (ii) 


Substituting (ii) in (i) 
x? + (12 — x)? — 6x — 8112 — x) = 0 
di 2x* — 22x + 48 =0 
Thus 2(x — 3)\(x — 8) =0 
oe x=3 or 8 
and substituting in (ii) the two points are (3, 9) and (8, 4). 


Example 3. Find the points of intersection of the two circles 
r= 12 cos 6, andr = 6. 


A6,5) 





B(6,-7>) 
Figure 17.13 


Since r = 12 cos 6 and r = 6, at the points of intersection 6 = 
12 cos 6, thus cos 6 = $ 
7 oe T 
3 3 
Hence the required points are A(6, 7/3) and B(6, —7/3) (see Figure 
17.13). 


Exercises 17f 


1. Find the points of intersection of the two loci 3x + 2y — 1 = 0, 
2x — 3y + 21=0. 

2. Find the points of intersection of the circle (x — 5)? + 
(y — 6)? = 49 and the locus y + x — 18 =0. 

3. Find the points of intersection of the two circles x? + 
(vy + 1)? = 2 and (x + 1)?+ (94+ 2? =4. 

4. Find the points of intersection of the circle r = 10 and the 
locus r cos 9 = 5,/3. 

5. Show that the three loci whose equations are x + y+1=0, 
3x + 2y + 6 =0, 2x + Sy — 7 = 0 have a common point. 


6= 
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6. Find the point or points common to the two loci whose 
equations are x? + y? + 6x + 8y =O and 4x + 3y—1=0. 

7. Show that the two circles (x — 3)?+(—4)?=25 and 
(x — 1)? + (& — 4)? = 56} touch each other. 

8. Find the points common to the two loci whose equations are 
r = 6 cos 6, r = 6,/3 sin 0. 

9. Find the points common to the two loci whose equations are 
y?>—b6y —4x+1=0,2y—x—-11=0. 

10. Find the point of intersection of the loci x — y= 3, x + 
3y = 7. Show that the locus whose equation is x? — xy — 3x =0 
passes through this point. 


17.7. CHANGE OF ORIGIN 


Let Ox, Oy be the original axes, O’ the new origin and (A, k) the 
co-ordinates of O’ referred to the original axes. 


' 
4 
K 








Figure 17.14 


Through O’ draw O’x’ and O’y’ parallel to and in the same sense 
as Ox and Oy respectively (see Figure 17.14). 

Suppose P is any point whose co-ordinates referred to the old 
axes are (x,y). We require to find its co-ordinates, say (X, Y), 
referred to the new axes. 

Draw PM parallel to Oy cutting Ox in M and O’x’ in N. 


Then x = OM = OK + KM (see Figure 17.14) 
= OK + O'N 
=h+X 
and y = MP = MN-+ NP 
= KO’ + NP 
=k+ VY 
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The old co-ordinates are given in terms of the new co-ordinates by 
the two equations. 


x=h+ X; yoHkK+Y ... (17.13) 


If we use the equations (17.13) to substitute for x and y in a given 
equation, the equation of the curve referred to the new axes will be 
obtained. 


Example 1. Find the equation of the straight line 3x + 2y + 1 =0 
referred to axes through the point (1, —2). 
In this case h = 1,k = —2 : 


from equation (17.13) x= 1+ X, y= 2+ Y7 
Substituting in the given equation we have that 
3x +2y+1=0 
becomes 30 + X¥) 4+ 21-2 +4+ Y)+1=0 
ie. 3X +2Y=0 
(a straight line through the new origin). 


Exercises 17g 
Change the origin of co-ordinates in each of the following cases: 











1. 3x —2y+4=0; new origin (3, 2) 

2. 5x + yor 7= 0; 2 ”» (—2, —5) 

3. 2y—5x—3=0; os » d,—1) 

4.x+5y—2=0; ‘5 » (-3,)D 

5. 2x — 3y = 0; ~ » (5,2) 

6. v2 = 4a(x — 1); ‘3 »  (,0) 
(x- 1?  O— 3 

7. 4 + 16 = 1; ”» rr (1, 3) 

8. (x ae 3)? + (y — 3)? = 25; ” 9 (3, 3) 
G+ O—2 

9. ear a = 16 == ly ” ” C1; 2) 

10. x? + y? — 8x + 6y = 0; ” ” (4, —3) 


EXERCISES 17 


1. Find the cartesian co-ordinates of the points whose polar 
co-ordinates are (6, —7/2), (./2, 37/4), (2, 7/6), (8, 7/2), (./2, 
—3/4), (5, 77). 

2. Find the polar co-ordinates of the points whose cartesian 
co-ordinates are (5, —5), (—./3, —1), (—3, 3),(1, /3), (, 2), (3, 0). 
Draw a diagram of the points. 
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3. Given the cartesian co-ordinates of A, B, C, D are (4, 4), 
(—4, —4), (—5, 5), (3, —1) and the polar co-ordinates of E, F, G, 
H, J are (2, 7/6), (—4,/2, 57/4), (4/2, —5a/4), (—5./2, —7/4), 
(4,/2, 1177/4), find which points coincide. 

4, Find the lengths of the sides of the quadrilateral whose vertices 
are the points A(5, 3), B(6, 7), C(8, 1), D(5, —3). Also find its area. 

5. Show that the four points A(6, 7), B(7, 10), C(0, —3), D(—1, 
—6) form a parallelogram. 

6. Show that the three points A(7, 4), B(10, 2), C(6, —4) form a 
right angled triangle. Find the co-ordinates of a point D such that 
ABCD is a rectangle. 

7. Rewrite the following polar co-ordinates with the radii vectors 
all positive and the vectorial angles between —z and 7; A(—5, 7), 
B(—3, —3z/2), C(—5, 77/2), D(3, 67), E(—5,37), F(—1, én), 
G(3, 377). 

8. Find the points P and Q which divide the line joining A(3, 2) 
and B(10, 16) internally and externally in the ratio 3:4. 

9. Show that the four points A(3, 4), B(9, 13), C(il, 16) and 
D(15, 22) all lie on a line. Find the ratios in which B and D divide 
the line joining A and C. 

10. Find the equation of the locus of a point which always moves 
so that its distance from the x-axis is always twice its distance from 
the point (2, —3). 

11. The points AQ3, 4), B(2a, 5), C(6, a) form a triangle whose area 
is 19} square units. Find the two possible values of a. 

12. Find the co-ordinates of the point which is equidistant from the 
three points AG, 4), B(13, 6), CG, 4). 

13. The polar co-ordinates of the vertices of a triangle are given 
by the following table. 





Find the lengths of the sides of the triangle and its area. 

14. Show that the following points A(5, 6), B(—1, 3), C(—5, —2) 
are collinear and find the ratios: (i) AB:BC (ii) AC:CB (iii) 
BA:AC. 

15. Find the co-ordinates of the centroid and of the circumcentre 
of the triangle ABC where A, B, C are the points (—2, —3), 
(8, 11) and (—4, 9) respectively. 

16. Find the area of the quadrilateral whose vertices are the 
points A(5, 4), B(8, 5), C(6, —2), D(—3, —1) respectively. 
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17. Find the equation of the locus of a point which moves so that 
the sum of the squares of its distances from the points (3, 0) and 
(—3, 0) is equal to 72 units. 

18. Find the ratios in which the line joining the points A(8, 2), 
B(—2, 7) is divided by the points (12, 0) and (0, 6). 

19. The straight lines 3x + by +1=0 and ax + 6y+1=0 
intersect at the point (5, 4). Find the values of a and b. If the first 
line meets the x-axis at A and the second meets the y-axis at B, find 
the length AB. 

20. O is the origin of co-ordinates and B is the point (0, 6). Find 
the polar equation of the circle on OB as diameter. 

21. The line 3y = ax + 9 touches the curve y? = 4x. Find the 
value of a. 

22. Show that the co-ordinates of the point common to the curve 
y? = 4ax and the line ty — x = af? are (at*, 2at). 

23. s and s’ are two circles of radii 1 and 3 respectively and 
centres A(0, 0) and B(—1, 3) respectively. If s and s’ meet at the 
points P and Q, show that Z APB = ZAQB = 90°. 

24. A point moves so that its distance from the axis of x is equal 
to its distance from the point (1, 1). Find the equation of its locus. 

25. Given that P is the point (4, 7), write down the co-ordinates of 
the points which are (i) the reflection of P in the x axis (ii) the 
reflection of P in the line y = x (ii) the reflection of P in the line 
your-x. 

26. Find the equation of the loci whose parametric equations are 

(i) x = 422, y = 168; Gi) x=4+4, y= 6-— I]t. 

27. Show that the point P with co-ordinates [(1 — k)x, + kx, 
(1 — k)y, + ky,] lies on the line joining A(x, y,) and B(xe, y2) and 
that AP = KAB. 

28. The points A, B, C have the co-ordinates (2, 3), (—11, 8) 
and (—4, —5) respectively. The point D is such that ABCD is a 
parallelogram having AC as diagonal. Find the co-ordinates of the 
midpoint of AC and deduce the co-ordinates of D. 

29. A variable line meets the axes at A, B. O is the origin. If AB 
moves so that the area of AAOB is constant, find the locus of the 
midpoint of AB. 

30. A point P moves along the straight line which passes through 
the point A(5, 0) and makes an angle of 45° with the x-axis. Find 
the equation of the locus of P. (Hint: use the sine rule on the 
triangle OAP.) 
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18 
THE STRAIGHT LINE 


18.1. THE EQUATION OF A STRAIGHT LINE 
PARALLEL TO ONE OF THE CO-ORDINATE AXES 


In Figure 18.1 let P(x, y) be any point on the line. Since the 
ordinate PN is equal to OA for all positions of P then 


y=6b ... (18.1) 
is true for all points on the line and is the required equation. 





Figure 18.1 


Similarly x = ais the equation of a line parallel to Oy and distance 
a from it. In particular the axes Ox and Oy have the equations 
y = Oand x = 0 respectively. 


18.2, THE EQUATION OF ANY STRAIGHT LINE IN 
TERMS OF ITS SLOPE AND ITS INTERCEPT ON 
THE y-AXIS 


Consider Figure 18.2; ABP is the straight line, OB = c, and angle 
BAO = 6. P(x y) is any point on the line, PN is its ordinate and 
BM is parallel to Ox. Then 


ZPBM = ZBAO = 6 
thus PM = BM tan 9 
. y—c=xtand 


y=xtanOd+c 
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tan 6 is the slope of the line and is generally denoted by m. Hence 
the required equation is 
y=mx+e ... (18.2) 





Figure 18.2 


Example 1. Write down the equation of the line which makes an 
angle of 45° with Ox and cuts Oy at a distance of 3 units above the 
origin. 
From (18.2) the required equation is 
y = x tan 45° + 3 


that is y=x+3 (see Figure 18.3) 








Figure 18.3 


Example 2. Write down the equation of the line which makes an 
angle of 150° with Ox and an intercept of —3 units on Oy. 


1 
In this case c = —3 and m= tan 150° = — 73° Hence the 


required equation is y = — a x — 3 (see Figure 18.3). 
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Example 3. Sketch the line whose equation is y = —x — 2. 

Comparing y = —x — 2 with y = mx + ¢ we have that tan 0 = 
m= —1l and c= —2; hence 6 = 135° and c = —2. 

Thus the line makes an angle of 135° with the positive direction of 
Ox and cuts Oy at a distance of 2 units below the origin (see Figure 
18.3). 

It will be noticed that so far all the equations of a straight line are 
of the first degree in x and y. We shall now prove that any equation 
of the first degree in x and y represents a straight line. 


18.3. ANY EQUATION OF THE FIRST DEGREE IN 
x AND y REPRESENTS A STRAIGHT LINE 


The most general form of the equation of the first degree is 
Ax + By+C=0 - ++ -(18.3) 


In order to prove that this equation represents a straight line it 
is sufficient to show that the area of the triangle formed by joining 
any three points on the locus is zero. 

Let (%1, ¥1), (Xa Ya), (Xs, Ya) be any three points on the locus. 
Since the points are on the locus of the equation (18.3) their co- 
ordinates must satisfy the equation; thus 


Ax, + By, + C=0 
Ax, + By, + C=0 


Subtracting the first of these equations from the second and third 
in turn we obtain 


A(x, — x1) + BO, — v1) = 0 
A(xX3 — X1) + BOs — y,) = 0 
By considering the value of the ratio 4/B obtained from each of these 
equations we have 
(Y2— yi) A (vs — Ya) 
(x.—-%) B (x3 — 4) 
thus 2 — Vis — X11) = (a — V(%e — %1) 
whence = Xn — X21 + Xs — XaVa + Xi — XiVs = O 
which [see (17.11)] proves that the area of the triangle formed by 
the three points is zero. Hence the locus is a straight line. 


379 


THE STRAIGHT LINE 


The equation Ax + By + C =0 appears to involve three con- 
stants, but we can divide throughout the equation by any constant 
(which is not zero). Dividing by B we have 


A Cc 
—x —=0 
B TY TS 


that is y= 
and comparing this with 


=mx +C {see (18.2)] 
we have that 


m=>=—-T3 il .. (18.4) 


Example 1. Find the slopes of the lines 3x + 12y —3 =0, 
5x — 2y — 4 = 0 and the lengths of their intercepts on Oy. 
Rewriting the two equations we have 


12y= —3x +3 and 2y=5x—4 
thus =—ix+4 and y= 8x-—2 


On comparing these equations with y = mx + c we see that their 
slopes are 
tan 0, = —t (0; 


tan 0, = 3 (05 
and their intercepts on Oy are 


165° 58’) 
68° 12’), 


I 


I 


C= 45 Cg == —2 
Exercises 18a 


1. Write down the equations of the following lines: 

(i) the line making an angle of 20° with Ox and an intercept of 
+5 units on Oy 

(ii) the line making an angle of 150° with Oy and an intercept of 
—4 units on Oy 

(iii) the line through the origin making an angle of 50° with Ox 

(iv) the line through the origin making an angle of 20° with Oy. 

2. Find the equations of: 

(i) the line through the origin parallel to the line y = 5x + 2 

(ii) the line through the origin parallel to the line 3x + 2y + 4=—0 

(iii) the line which makes an intercept of +4 units on Ox and 
whose slope is 3 
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(iv) the line parallel to Ox and passing through the point of 
intersection of 2y — 3x + 4 = 0 and the y-axis. 

3. Find the slopes, and the lengths of the intercepts the following 
lines make on Oy: 

(i) 3y — 4x + 6 =0 

(ii) 2y + 2x —3 =0 

(iii) 5x — 3y =0 

(wv) y—6=0. 

4. Plot the two points A(0, 5) and B(3, 9) on a diagram. Hence 
show that the slope of the line AB is $. Write down the equation of 
AB. What is the slope of the line if A and B are the points (x, y,) 
and (xg, yg) respectively ? 

5. Plot the two points A(O, 3) and B(—2, 7) on a diagram. Hence 
show that the slope of the line AB is —2. Write down the equation 
of AB. If A and B are the points (x, y,) and (x2, yz) what is the 
slope of AB? Does this agree with the result in Exercise 4? 


18.4. USEFUL FORMS OF THE EQUATION OF A 
STRAIGHT LINE 


The Equation of the Straight Line Making Intercepts a and b on 
Ox and Oy Respectively—P(x, y) is any point on the line, PN is the 





Figure 18.4 


ordinate (see Figure 18.4). Now 

AMPO + ALPO = ALOM 
Hence gay + 4bx = hab 
Divide throughout by 4ab, then 


Boh fear . ss (18.5) 
a b 


This is called the intercept form of the equation of the straight line. 
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Example 1. Write down the equations of the lines making intercepts 
a and b on Ox and Oy respectively, and rewrite the equations in the 
form y = mx + c where 

@ a=2, b=3 

(ii) a= —1, b=4 

(@iiij)a=5, b=—2 

(iv) a = —3, b= —4 

(i) x/2 + y/3 = 1 thus 3x + 2y = 6 


i.e. y= —3x+3 

(ii) x/—1 + y/4 = 1 thus 4x — y = —4 
ie. =4x+4+4 

(iii) x/5 + y/—2 = 1, thus —2x + Sy = —10 
i.e. y=ix—2 

(iv) x/—3 + y/—4 = 1, thus —4x — 3y = 12 
ie. y= —4x—4 


The Equation of a Straight Line with Given Slope m and Passing 
Through a Given Point P(x, »,)—The equation of a line with slope 
m is by (18.2) y == mx +c. In this case c is unknown, but since 
P(x, y1) lies on the line, y, = mx, + c and so, by subtraction 


Y—yy = mx — X) ... (18.6) 
which is the required equation. 
Example 2. Write down the equation of the line with slope —% 


and passing through the point (—3, 4), and simplify the equation. 
By (18.6) the equation is (vy — 4) = —§(x + 3), that is 
3y — 12 = —2x — 6 
3y + 2x —6=0 
The Equation of a Line Passing Through Two Given Points (x, ya) 
and (Xz, y2)—The equation of a line through a given point (x, y;) is 
by (18.6) y — y, = m(x — x,). In this case mis unknown. However 


(Xe; ¥2) also lies on line. Hence on substituting in the equation we 
have yo — ¥, = m(X_ — X,), whence by division 


Yo Vr Xp — Xy 


which is the required equation. 


Sie 2 epteagce Ins 8 ... (18.7) 
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Example 3. What is the simplified form of the equation of the 
lines through the following pairs of points (i) G3, 4), (6,8); (i) 
(5, 3), (7, —2)? 

(i) On substituting in (18.7) we have 





Yi «e338 
8—4 6-3 
that is rat SRE Aaa 
4 3 
3y — 12 = 4x — 12 
thus 3y = 4x 





Figure 18.5 


(ii) On substituting in (18.7) we have 








y-—3  x—5 
—2-—-3 7-5 
that is y—3_x—5 
—§ 2 
2y —6= —5x + 25, 
i.e. 2y + 5x —31=0 


The Equation of a Line such that the Length of the Perpendicular 
from the Origin to the Line is p, and the Angle that Perpendicular 
Makes withOxisa Referring to Figure 18.5, PO is the perpendicular 
from the origin to the line. Since ZOPM = 90° 


OM 
—— = sec % 


OP 
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Thus OM = OP sec a = psec a ....(@i) 
also ZLOP = 90° — « 
so that OF = sec (90° — «) 
OP 
OL = OP sec (90° — «) = p sec (90 — «) . ii) 


But OM, OL are the intercepts the line makes on the axes Ox and 
Oy. Hence by (18.5) its equation is 





LR een ee eee eee 
pseca  psec(90° — «) 
that is xcos a+ ycos (90° — «) = 
° xcosa-+ysina =p . (18.8) 


This j is called the perpendicular form of the equation of a Sah 
line. 


Example 4. If in Figure 18.5 OP = 5 units and ZPOL = 20°, 
find the equation of the line LM. In (18.8) 
«= ZPOM = 90° — ZPOL 

= 90° — 20° 

= 70° 
and OP = p = 5 units 
Hence LM is the line x cos 70° + y sin 70° = 5. 
Example 5. If in Figure 18.5 the equation of PLM is 3x + 4y — 
12 =0; put this equation into both (i) the intercept and (ii) the 


perpendicular form. 
(i) 3x + 4y—-12=0 


If we divide by 12, + ; = 1 as required. 


(ii) If instead we divide by ,/(3? + 4°) = 5 then 
BX + BY = 3 
which is the perpendicular form because 3, # are the cosine and sine 
of some angle since the sum of their squares in unity. 


Exercises I8b 


1, Find the equations of the following lines: 
(i) passing through the points (5, 3), (—2, 1) 
(ii) passing through the points (6, —2), (3, 7) 
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(iii) making an angle of 135° with Ox and passing through the 
point (—2, 5) 

(iv) parallel to 2y-+3x—4 and passing through the point 
6, —2) 

(v) passing through the points (—5, 0) (0, —2) 

(vi) such that the length of the perpendicular to the line from the 
origin is 6 units and the perpendicular makes an angle of 45° with Ox. 

2. Write down the equation of the line making intercepts of 
—5, +3 on the x- and y-axes respectively. Put the equation into 
the perpendicular form. 

3. Find the slope of the line through the points (5, 3), (7, —2). 
Also find ({) the perpendicular form (ii) the intercept form, of its 
equation. 

4. O is the origin and a line OA of length 2a makes an angle « 
with the x-axis. Find the equation of the perpendicular bisector of 
OA. 

5. A line makes an obtuse angle @ with the positive direction of 
Ox. If « is the angle the perpendicular to the line from the origin 
makes with the positive direction of Ox, find the relation between 
a and 6. Does the same relation hold when 6 is acute? 


18.5. THE CO-ORDINATES OF THE POINT OF 
INTERSECTION OF TWO STRAIGHT LINES 


Let the equations of the lines be 
a,x + by +¢,=0; Ax + boy +c, =0 


- As we have noted in section 17.6 to obtain the point of intersection 
we solve these equations simultaneously. Eliminating x and then 
y we obtain 


ES OR ae > Se Line te _.. (18.9) 


bycy — bacy 7 AyCy — Aly 7 aybz — aby 
The values of x, y for the point of intersection are 


Sets bic. — boty : — — Aes — A201 ... (18.10) 
a,b, = agb, a,b, as Ayb, 
We note that if a,b. — a,b, = 0 there is no solution. But this may 
be written 
aybe = Agb, 
Gi 2 Gs 
by be 
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and thus the slopes [see (18.4)] of the two lines are equal. That is the 
lines are parallel and have no point of intersection. 
If in addition either b,c. — b,c, = 0, or aycg — a,c, = 0 then 


saa (= k say) ... (18.11) 


and from this we see that all three of the quantities in (18.9) are zero 
and x and y are indeterminate. The geometrical explanation is that 
since from (18.11) a, = ka,; b; = kby; cy = kcg one equation is a 
multiple of the other and the lines coincide. 


Example I. Find a general solution for the point of intersection 
of the lines ax + S5y-+b=0; 2x+ y+3=0 and discuss the 
three cases (i) a4 10 Gi) a= 10; 6415 Gi) a=10; b= 15. 
From equations (18.9) the solution is given by 
1s—b 3a—2b  a—10 
15 — b —3a + 2b 
x= ee 
a-— 10 a—10 
Case (i): since a 10, 





a~-100 


and hence a real point of intersection exists. 
Case (ii): since a = 10, b 4 15 


a—10=0 but 15—b+0 


hence the lines are separate but parallel. 
Case (iii): if a = 10, b = 15 then the equations are 


10x + 5y+15=0 
and 2x+ty+3=0 


and the first equation is a multiple of the second and the lines are 
not distinct. 


18.6. THE POSITIVE AND NEGATIVE SIDES 
OF A LINE 


Consider any straight line and let its equation be ax + by + ¢=0. 
Let P(x, y,) be any point and let the line through P parallel to the 
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y-axis cut the line in the point Q whose co-ordinates are (xj, ye). 
Then it is clear from Figure 18.6 that so long as P remains on the 
same side of the straight line PQ is drawn in the same direction. 
If P is a point on the other side of the line then PQ is drawn in the 
opposite direction. That is PQ is positive for all points on one side 
of the line and negative for all points on the other side. 


Now PQ=y1—-)e2 ...-(i) 
and since the point Q(x, ys) lies on the line 


ax, + by, +c=0 


oe (il) 





Figure 18.6 


From (i) and (ii) 


aes ax, + by +¢ ... (iii) 

b 
Since the sign of PQ changes as P crosses the line then it follows from 
(iii) that the sign of ax, + by, + c (bis fixed) must alter as P crosses 
the line. Thus the line divides the co-ordinate plane into two parts 
such that ax + by +c is greater than or less than zero. If c > 0 
the origin is on the positive side of the line. If c < 0 the origin is on 
the negative side of the line. 
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Example 1. The co-ordinates (x, y) of a point P satisfy all three of 
the inequalities 
2x + 3y—6>0 


x—y+6>0 
y+ 5x —20<0 


Draw a diagram to show the area within which P must lie. Figure 
18.7 shows the required area. 





Figure 18.7 


Exercises 18c 


1. Show that the three lines 3x — 2v-+1=0,x+2y+3=0, 
7x — 2y + 5 = 0 pass through the same point. 

2. Find the points of intersection of the following pairs of lines. 

(a) 2x + 3y—13=0; 3x —y—3=0 

(b) 2x + y—2=0; 4x+5y4+5=0 

(c) x/a + yb = 1; x/b+ yla=1 

(d) y= 4x; y= 3x42. 

3. Show that the following three lines do not form a triangle 
(i) 18x — 12y + 9 =0, (ii) 12x + 8y — 6 =O, (iii) 8y = 12x + 6. 

4, What must be the value of k in order that the lines () 2x + 
y—3=0, (ii) kx +3y+1=0, (i) x+y+7=0 may meet 
in a point. Discuss the cases when k = 3 and k = 6. 
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5. Find the equation of the line joining the origin to the point 
of intersection of the lines x + 2y + 5 = 0, 3x — 2y — 13 =0. 

6. A point P has co-ordinates (x, y). Draw separate sketches 
showing the area in which P must lie in the following cases. 

(i) 3x +2y—-1>0 

(ii) 2x —-y—-4<0 

@ii)x+y+5>0 

(iv) 2x —y+7< 0. 

7. A point P(x, y) is such that its co-ordinates satisfy all the 
inequalities x + y—6<0, y—2x+6>0, 4x+y>0, y— 
2x —6 <0; show in a sketch the area within which P must lie. 

8. If in Exercise 7 all the inequality signs are reversed, in which 
area must P(x, y) lie? 

9, Show that for one particular value of k all the lines kx — 
3y —3=0, —x + 2y —k =0, 9x — 4y — 11 = 0, 13x — ky — 
19 = 0 pass through one point and state the co-ordinates of the 

oint. 
J 10. A point P(x, y) lies within the triangle formed by the three 
lines 5x + 7y — 35 = 0, 4x — Ily — 28 = 0, 14x + 3y + 68 = 0. 
Write down with the aid of a sketch the three inequalities its co- 
ordinates must satisfy. 


18.7. THE ANGLE BETWEEN TWO STRAIGHT LINES 


If the equations of the lines are given in the perpendicular form 
[see equation (18.8)] 





Figure 18.8 


xcosa-+ ysin «a — p, = 90, x cos B + ysin B — pp =0 


Then referring to Figure 18.8 the required angle is either « — B 
or 7 — (a — f). Because « and f are the angles the perpendiculars 
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from the origin to the two lines make with Ox, then the angle 
between the perpendiculars is « — 8. Also the angle between any 
two lines is equal or supplementary to the angle between two lines 
perpendicular to them. Hence the required angle is 


(«—f) or w—(a—f) .»» (18.12) 
If the equations of the lines are given in the form y = m,x + ¢; 
y = m,X + Cz and 6,, 0, are the angles the lines make with Ox then 


m, = tan 6, mM, = tan 6, ...-(i) | 





Figure 18.9 


Referring to Figure 18.9 it can be seen that the required angle is 
6, — 0,. Now 
tan 6, — tan 0, 


tan (0, — 0.) = 
(A a) 1 + tan 0, tan 6, 


ba from (i) 
1+ mm, 
Thus the required angle is 


tant (1s) 1. (18.13) 
1 + mm, 
If the equations of the lines are given in the form a,x + b,y + 
Cy =0; ax + bey + c= 0 then from (18.4) m, = — 2 » M, = 
1 


= 3 . Hence the required angle is 
2 
—_ 4 — 
by __be 
a2 


14+ 
bybs 


that is tan-? (seb = asbs) . (18,14) 
aya, + b,b, 
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Referring to equation (18.13) it should be noted that if 
mm, = —1 . (18.15) 
that is m= — as 
Me 


then the angle between the lines is 7/2, and the lines are perpen- 
dicular. 
Similarly from (18.14) the lines are perpendicular if 


aya, + bb, = 0 one . (18.16) 
Example 1. Find the angle between the lines y = $x +4; y= 
$x + ¢. 
The slopes of the lines are m, = 4 and m,= 4. Hence from 
(18.13) the required angle is 


tari(4=4) 
Lap eed 
that is tan-1 (—34). 


The negative sign indicates that the obtuse angle between the lines 
is being found; hence the required acute angle is tan—4(}) = 
8° 8’. 


Example 2. Find the equation of the line which is perpendicular 
to the line 2x + 3y — 1 =0 and passes through the point (4, 3). 
From (18.4) the slope of the given line is 


m, = —%. 


Hence the slope of a perpendicular line is 


Since the required line passes through the point (4, 3) its equation is 
[see (18.6)] 

(—3)=48@—4) 
that is 2y —3x+6=0 


Example 3. OA and OB are the equal sides of an isosceles triangle 
lying in the first quadrant, OA and OB make angles 6, and 0, 
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respectively with Ox. Show that the gradient of the bisector of the 
acute angle AOB is cosec 6 — cot 6 where 9 = 0, + 0. 
Referring to Figure 18.10 


Let ZAOP = «= ZPOB 
Hence ZPOx=6, +a or —a 
2ZPOx = 6, + 0, 
= 0 (given) 
ZPOx = ; 





Figure 18.10 


Now 


the gradient of PO = tan 7 POx 





2 sin? ¢ 
2 





2 sin oeae! 
2 2 
az 1 — cos 6 
sin 6 
= cosec 0 — cot 0 
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Exercises 18d 


1, Find the acute angles between the following pairs of lines: 
(a) y= 3x+4; y=2x-1 
(b) 3x +4y+7=0; 4x —-5y+2=0 
(c) x cos (a — 7/4) + y sin (a — 7/4) = 3; 
x cos (a + 7/4) + ysin (« + 7/4) =7 
(da) 5x —6y + 7=0; 6x+5y—3=0. 
2. Find the equation of the line perpendicular to the line 3x +- 
2y + 4 = 0 and passing through the point (5, 6). 
! 3. Find the equation of the line passing through the points (1, 4) 
| and (—2, 7) and show that it is perpendicular to the line x — y + 
3=0. 
| 4. Given the two lines x + y+7=0 and /3x-—y+5=0, 
put their equations into the perpendicular form and hence find the 
acute angle between them. Verify your result by using (18.14). 
5. Find the equations of the sides of the triangle ABC where 
A, B, C are the points (5, 7), (3, 3), (7, 1) respectively. Hence show 
that the triangle ABC has angles of 90°, 45° and 45°. Verify this 
result by finding the lengths of the sides of the triangle. 


18.8. THE PERPENDICULAR DISTANCE OF A POINT 
FROM A STRAIGHT LINE 


Let P(x,, 1) be the point and the equation of the line be 
xcose+ysina =p ... (18.17) 

Referring to Figure 18.11, any line parallel to the given line is 
xcosa-+ ysina =p’ 


and this passes through the given point P(x,, y,) if 


x, cosa -++ y, sina = p’ ... (18.18) 
Now the required distance is 
PC = AB 
= OB— OA 
= p'—p 


= x,cosa-+ y, sina —p [from (18.18)] 
Hence the required result is 


x,cosa-+ y, sina —p ++ 0(18.19) 
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If the equation of the line is given as ax + by + c = 0 it may be 
rewritten 


a b c 
Se aE ee oe Ve ee ee 
JV(@ + b*) Ja? + b*) y Va 4+ b*) 
which is in the perpendicular form because 
sie, thd fee 
Ja + b) J(a? + b*) 


are the sine and cosine of an angle since the sum of their squares is 
unity. Hence from (18.19) the length of the perpendicular is 


ax, + by, +e 
ae + ... (18.20) 





Figure 18.11 


If the denominator ,/(a? + 5%) is always taken as positive, then 
the length of the perpendicular from any point on the positive side 
of the line will be positive and from any point on the negative side 
of the line it will be negative (see section 18.6). 


Example I, Find the length of the perpendicular from the point 
P(2, —4) to the line 3x + 2y — 5 = 0 and state which side of the 
line P is on. 

From (18.20) the length of the perpendicular is 


3x (2) +2x(-)-5_ 7 
J(3? + 2°) 4/13 ° 


Thus the length of the perpendicular is 7/,/13 and it is on the negative 
side of the line. Substituting the co-ordinates (0, 0) of the origin in 
the equation of the line 3x + 2y — 5 we obtain —5. Thus the origin 
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is also on the negative side of the line. Hence P is on the same side 
of the line as the origin. 


Exercises 18e 


1. Find the lengths of the perpendiculars from the point P to the 
line L in the following cases: 

(a) P3, 4, L=3x+4y+6=0 

(6) P(—2, —1), L=3x+4y+6=0 

(c) P(5, 6), L = 3x —6=0 

(d) P(—3, —2), L= 5x — 12y+1=0. 

2. Find the lengths of the perpendiculars from P(3, 4) to the two 
lines 7x -+ 24y — 1 = 0 and 3x + 4y — 36 = 0 and state on which 
sides of the lines the point P is situated. 

3. Show that the point P(1, 1) is equidistant from the three lines 
5x + 12y + 9 = 0, 3x + 4y — 17 = 0, 3x — 4y —9 = 0. Is P the 
incentre of the triangle formed by the three lines? 

4. The point P(a,2) is equidistant from the two lines 4x — 
3y + 7 = 0 and 7x + 24y — 30 = 0; find the value of a. 

5. Find the incentre of the triangle formed by the three lines 
12x — Sy + 9 = 0, 3x + 4y — 27 = 0, 5x + 12y — 45 = 0. 


18.9. THE EQUATION OF A STRAIGHT LINE 
THROUGH THE POINT OF INTERSECTION OF 
TWO GIVEN STRAIGHT LINES 


Let the equations of the straight lines be 
a,x + by +c, = 0, a,x + by +e,=0 ....(18.21) 
Consider the equation 
(a,x + By + ¢y) + A(agx + bey + c2) = 0 ... (18.22) 


where A is any constant. 

This is the equation of a straight line since it is of the first degree 
in x and y. Further it is satisfied by the co-ordinates of the common 
point of the two given lines, since these co-ordinates satisfy simul- 
taneously the equations (18.21) and hence must satisfy the equation 
(18.22). Thus it is the required line. 

This is an example of a more general device used in co-ordinate 
geometry; namely if S,; = 0 and S, = 0 are the equations of any 
two loci then S, + AS, = 0 is the equation of a locus through the 
common points of S, = 0 and S, = 0. 

In the case of the straight line (18.22) a second condition is 
required to find A. 
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Example 1. Find the equation of the line drawn through the point 
of intersection of the lines 3x + 2y—3=0, 5x -—y+8=0 
which also passes through the point (2, 2). 

Any line through the point of intersection is given by (3x + 
2y — 3) + A(Sx — y+ 8) = 0. 

If this passes through the point (2, 2) its co-ordinates satisfy the 
equation and hence 


(6+4—3)+A10 —24+8)=0 
7+164=0 


A=—-—x% 
Hence the required equation is 


(3x + 2y — 3) — ve(Sx — y + 8) =0 


i.e. 16(3x + 2y — 3) — 75x —y+8)=0 
ie. 13x + 39y — 104 =0 
i.e. x-+ 3y—8=0 


Example 2. Find the equation of the line drawn through the point 
of intersection of 3x — y — 13 = Oand x — 4y + 3 = 0 and which 
is perpendicular to Sy + 2x = 0. 

Any line through the point of intersection is given by (3x — 
y — 13) + Ax — 4y + 3)=0, that is 3 +4)x—(14+ 4ay — 


13 + 3A =0. Its slope is ait. Hence it is perpendicular to 
5y + 2x = 0 whose slope is —2 if 
a Ses : =—1 [see (18.15)] 
ie. 6+ 2A = 5 + 204 
whence A=ts 


Therefore the required equation is 
(3x — y — 13) + ¥e(x — 4y + 3) =0 
i.e. 55x — 22y — 231 =0 
i.e. Sx — 2y—21=0 
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In the particular cases when A has either of the values 


v(ai + bi) 
Vaz + 3) 
equation (18.22) may be written 


vai + bi) 
V(ai + 03) 
that is GeO 828) 
Vai + by) Vaz ++ bg) 
which shows that the perpendiculars from the point (x, y) to either 
of the lines a,x +- byy + cy = 0 or agx + bay + cy = 0 are equal in 
magnitude. Hence (18.23) gives the equations of the bisectors of the 
angles between the lines. 

To distinguish between the two bisectors, write the equations of 
the lines with their constants both positive and take both the 
denominators positive. Then taking the positive sign in (18.23) gives 
the bisector of the angle in which the origin lies. 


(ax + by +e) = + (a,x + bey + Cz) 


Example 3. Write down the equations of the bisectors between the 
lines 3x — y —2 = Oand 2x —2y+7=0. 

Rewriting the first equation —3x + y + 2 = 0, the equations of 
the bisectors are given by 


—3x+y+2_ 2x —2y +7 
10 /8 

Thus 2,/2(—3x + y + 2) = +./10(2x — 2y + 7) is the equation 
of the bisector of that angle in which the origin lies; that is 

(2/5 + 6)x — 20 + /5y+7/5—-4=0 
and the other bisector is 

(2/5 — 6)x +20 —./Sy+7/5+4=0 
Exercises 18f 


1. A line passes through the point of intersection of the lines 
3x + 2y — 1 =O and 5x + 6y-++1=0. Find its equation in the 
following cases: 

(a) if it also passes through the origin 

(d) if it is perpendicular to 4x — y = 0 

(c) if it is parallel to 2x + 3y —1=0. 


se 
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2. Find the equations of the bisectors of the angles between the 
lines 2x + 4y —3 =O and 2x —y+7=0 and verify that the 
bisectors are at right angles to one another. 

3. Show that one of each pair of bisectors of the angles between 
the lines 3x — 4y — 4 = 0, 12x — 5y + 6 = 0, 7x + 24y — 56=0 
taken in pairs, pass through the point (1, 1). 

4. Two lines through the origin have a combined equation 
2y? — xy — 6x* = 0. Factorize this in order to find the separate 
equations of the two lines and hence show that the combined equation 
of the internal bisectors of the angles between the two lines is x? — 
loxy — y? = 0. 

5. Find the equation of the two lines through the point of inter- 
section of the lines 3x + 2y — 1 =0 and 2x — y+ 7 =0 which 
are also 

(a) perpendicular to 3x + 2y —-1=0 

(6) perpendicular to 2x —y+7=0. 


EXERCISES 18 


1, P, Q, R are the three points with co-ordinates (1, 0), (2, —4), 
(—5, —2) respectively. Find: 

(a) the equations of PQ, QR, PR 

(b) the equation of the line through P perpendicular to QR 

(c) the equation of the line through Q perpendicular to PR 

(d) the point of intersection of the lines (b) and (c) 

(e) the area of the triangle PQR. 

2. Find the equation of the perpendicular bisector of AB where 
A, B are the points (3, 2), (5, 1) respectively. 

3. Sketch on the same diagram the lines whose equations are: 

(a) y = 3x 

(b) y = —3x 

(c) 2x + 3y —12=0 

(d) 3x — 5y +75=0 

(d) 3x —5y+75=0 

(e) x —-7=0 

Ny+8=0. 

4. Find the equation of the lines through the point (6, 5) which are 

(a) perpendicular to 3x — 4y = 0 

(b) parallel to 3x — 4y = 0. 

5. Find the equation of the line joining the points (3, 6), (5, 7) 
and show that it is perpendicular to the line joining the points 
(—3, 4), (—2, 2). 

6. Rewrite the equation of the line 5x — 4y — 20=0 in (a) 
intercept form (b) perpendicular form. 
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7. The co-ordinates of the three points L, M, Nare (a, a),(—a, —a) 
and (0, —a) respectively. A point X is taken on MN such that the 
ratio of MX to XN is t:1 and a point Y is taken on LX such that 
the ratio of LY to YX is also t:1. Prove that the co-ordinates of 
X and Y are respectively 


eel leeg eee 


(J.M.B., part) 

8. Show that the three equations x + 2y—k=0, x + ky — 
2 = Oandkx + 4y — 4 = Oare consistent whenk = —4or2. Give 
a geometrical interpretation in either case. Discuss the case when 
k = —2. 

9. Find the co-ordinates of the incentre and of the three excentres 
of the triangle formed by the lines y = 0, 3x — 4y = 0, 4x + 3y = 20. 
Prove that the area of the triangle formed by the three excentres is 
five times that of the triangle formed by the three given lines. 

10. The lines L,, L,, Ls have the equations x + y+1=0, 
yt+2x+2=0, 3y—9x+11=0 and meet the y-axis at the 
points A, B, C respectively. If D is the point (—2, —3) prove that 
DA, DB and DC are perpendicular to L,, L,, Ls respectively. 

11. Find the co-ordinates of the foot of the perpendicular from 
the point (x,, y,) to the line ax + by + c = 0 and deduce that the 
co-ordinates of the image of the point in the line are 





2a 


ga eT 


(ax, + by, + ¢), yi ar (ax, + by, + ¢) 
(J.M.B., part) 
12. The vertices B, C of a triangle ABC lie on the lines 3y = 4x, 
y = 0 respectively, and the side BC passes through the point (3, %) 
If ABOC is a rhombus where O is the origin of co-ordinates, find the 
equation of the line BC and prove that the co-ordinates of A are 
8» @)- (L.U.) 
13. A point P lies in the plane of the triangle ABC and G is the 

centroid of this triangle. Prove that 


PA? + PB? + PC? = 3PG? + }(BC? + CA? + AB?) 


What is the least value of PA? + PB? + PC?as P varies in the plane? 

14. Given the four points (a/m,,am,), (r = 1, 2, 3,4) find the 
condition that the line joining any two of the four points is per- 
pendicular to the line joining the other two. 
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15. A, B, C are the points (—4, —2), (3, 1), (—2, 6). D is a point 
on the opposite side of AB to C which moves so that the area of the 
triangle ADB is always 50 square units. Find the equation of the 
locus of D. If CD meets AB at the point Q verify that the ratio 
CQ:QD is constant for all positions of D. 

16. A, B, C, D are the points (x1, ¥1), (Xa, ya), (Xs Vs) (Xa Ya) 
Show that ABCD is a parallelogram provided that x, + x3 = 
Xe +X, and y, + y3 = yg + Yg. Show also that the parallelogram 
is a rectangle if 
XX + VWiVs = XaXq + VoVe- 

17. Without drawing a figure determine whether the point (4, 3) 
is inside or outside the triangle formed by the lines y = x + 6 
3y ++ 4x —24=0,y+8=0. 

18. The altitudes AD, BE, CF of a triangle ABC are x + y= 0, 
x — 4y = 0 and 2x — y = 0 respectively. If the co-ordinates of A 
are (k, —k) find the co-ordinates of B and C. Find also the locus of 
the centroid of the triangle ABC as k varies. 

19. Find the equations of the lines through the point (2, 3) which 
make angles of 45° with the line x — 2y = 1. (L.U.) 

20. Obtain the equation of the straight line through the point 
P(h, k) perpendicular to the line ax + by + c= 0. PA, PB are the 
perpendiculars from P to the lines y= x, y= 4x. Find the co- 
ordinates of M, the middle point of AB, and show that if P moves on 
the line 5x + 4y + 10 =0 then M will move on the line x — 
Ty=5. (W.J.C.) 

21. Show that the area of the parallelogram formed by the lines 
3x-+4y= 7p, 3x+4y=7q, 4x+3y=7r, 4x+3y=7s is 
Up — 9) (r — 5). 

22. The length of the perpendicular to a line from the origin is 
5 units. The line passes through the point (3, 5). Find its equation. 

23. Show that any point on the line 4x + 7y — 26 = 0 is equi- 
distant from the two lines 3x + 4y — 12 = Oand 5x + 12y — 52=0. 

24. Find the values of k for which the lines 2x +ky+4=0, 
4x — y — 2k = 0, 3x + y — 1 = Oare concurrent. 

(J.M.B., part) 

25. Show that the line y(m + 1) = x(m — 1) + 4 always passes 
through a fixed point and find the co-ordinates of that point. 

*26. OA and OB are the equal sides of an isosceles triangle lying 
in the first quadrant. The slopes of OA and OB are ,%, and 1 and the 
length of the perpendicular from O to AB is ,/13. Find the equation 
of AB. (Use the result of Example 3 in section 18.7.) 

*27. The points P, Q are such that the line x cos « + ysin a = p 
is the perpendicular bisector of PQ. If the co-ordinates of P are 
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(x, y) find the co-ordinates of Q. If the line is fixed find the locus of 
Q as P moves along the y-axis. 

*28. The vertices O, A, B of a square OABC are the points 
(0, 0), (1, 0) and (1, 1) respectively. P is a variable point on the side 
BC. OP produced meets AB produced at Q and a line through B 
parallel to CQ meets OP at R. Prove that R lies on the diagonal AC 
when CP = (/ 5 — 1)/2. Find the equation of the locus of R as P 
varies and give a rough sketch of the locus. (L.U.) 

*29. (a) Find the gradients of the bisectors of the angle between 
the lines y— 7x = 0, x+y =0. 

(b) If A, B, C and D are the points on the x-axis with abscissae 
2, 4, 6 and 8 respectively, find the co-ordinates of the two points P 
and Q in the first quadrant which are such that , 


tan APB = tan CPD = tan AQB = tan CQD = 4 (J.M.B.) 
*30. Find the condition that the lines 
ax+by+e,=0, a,x + bey + cy = 0, a3X + bay + ¢3 = 0 


are concurrent. 
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19.1. THE EQUATION OF A CIRCLE 


Let C(a,b) be the centre and r the radius of the circle. Let 
P(x, y) be any point on the circumference of the circle then (see 
Figure 19.1) 


CP=r 
thus CP2 = r? 
y 
P (x,y) 
5 x 
Figure 19.1 


Now referring to equation (17.5) which gives an expression for the 
distance between two points, we have 


(x— ar +(y — bP =P? ... (19.1) 


which is the required equation. 
If we let a = b = 0 the centre of the circle will be the origin and 
the equation reduces to 
x24 y3 =r? +. (19.2) 


Equation (19.1) may be written 
x? + y? — 2ax — Iby + a+ =P? 
The equation of a circle is thus of the form 
x? + y® + 2gx + 2fy+c=0 ... (19.3) 
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where g, f, c are constants. Conversely equation (19.3) can be 
rewritten 


P+ dgxt+ ety +yt+P=ag+fP—e 
that is (exter +ytfPr=gt+fi-e 
Comparing this with (19.1) we see that 
(19.3) represents a circle centre (—g, —f) radius ,/(g? +f? — c) 
... (19.4) 


In general the equation of a circle is such that 
(i) the coefficients of x* and y? are equal 
(ii) there is no term in xy. 


Example 1. Find the equation of the circle centre (—3, 4) radius 7. 
The equation is 
+3 + —4=7 
or x® + y? + 6x — 8y — 24=0 
Example 2. Find the centre and radius of the circle 4x? + 4? — 
12x +5=0. 


In order to put the given equation into the standard form (19.1) 
it is first necessary to divide throughout by 4, thus 


x+y?—3x+3=0 
that is x*— 3x + (-#? + y? = (-3* - 3 
i.e. (x— 3"? +y=1 
Thus the circle has centre (3, 0) radius 1. 


Example 3. Find the equation of the circle centre (+4, —7) 
which touches the line 3x + 4y - 9 = 0. 

Since the line is a tangent then the radius of the circle is equal to 
the perpendicular distance from the centre to the line. Thus 


3(4) + 4(—7) — 9 
J? + 4°) 
25 


radius = 


THE CIRCLE 
Thus the equation of the circle is 
(x— 4 +(y + DP = 25 
that is x* -++ y? — 8x + I4y + 40 =0 
Example 4. Find the equation of the circle with AB as diameter. 
A, B are the points (x1, v1), (%2, J). 


Let P(x, y) be any other point on the circumference of the circle 
(see Figure 19.2). 








y 
B(x) %) 
YA 
A(x) P(x, y) 
———_ > X 
0 
Figure 19.2 
The slopes of AP and BP are 
Y= V1 ang Loa 
x— X xX — X, 


respectively. 
Since AB is a diameter ZAPB = 90°; thus AP and PB are 
perpendicular; hence by (18.15) the product of their slopes is —1. 


Thus 
(e=a)(eax) — 
X — Xy/\x — xy 
or (x — x(x — x2) +(y — p(y — ye) =O... (19.5) 
which is the condition satisfied by the co-ordinates of any point on 
the circle and is therefore the required equation. 


Exercises 19a 


1. Write down the equations of the following circles: 
(i) centre (3, 7) radius 5 

(ii) centre (—3, —7) radius 6 

(iii) centre (5, 0) radius 5 

(iv) centre (0, —3) radius 4. 
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2. Find the centre and radius of the following circles: 
(i) x? + y? + 2x + 6y +6=0 

(ii) 9x? + Dy? + 27x + 12y +19 = 0 

(iii) x® + y? — 3x =0 

(iv) 4x? + 4y? — 28y + 33 = 0 

(v) x? + y? — 2ax + 2by + 2b? = 0 (a, b constant) 

(vi) x? + y? + 2ax —2ay=0 (aconstant) 

3. Find the equation of the circle centre (7, —6) which touches 
the line 3x — 4y +5 = 0. 

4. Find the equation to the circle which has the points (3, 2) 
(0, —1) as ends of a diameter. 

5. Find the equation of the circle centre (3, —2) touching the line 
x+y—3=0. 

6. Show that the circle x? + y? — 2x — 2y + 1 = 0 touches both 
Ox and Oy. 

7. Show that the circle x? + y? — 2ax — 2ay-+a?=0 (ais a 
positive constant) lies wholly in the first quadrant and touches both 
Ox and Oy. 

8. Use the result of Exercise 7 to find the equation of the circle 
lying in the first quadrant which touches both axes and also the line 
5x + 12y ~— 52 = 0. 

9. Find the equation to the diameter of the circle x? + y? — 
8x + 6y + 21 = 0 which when produced passes through the point 
(2, 5). 

10. Find the equation of the circle which passes through the point 
(1, 1) has a radius of $,/10, and whose centre lies on the line y = 
3x — 7. 


19.2. THE EQUATION OF A CIRCLE THROUGH 
THREE NON-COLLINEAR POINTS 


Let the equation of the circle be x? + y® + 29x + 2fy+c=0 
and the three points be (x:, y) (Xs, ve) (Xs, Vs). Since the circle 
passes through all three points the co-ordinates of each point must 
satisfy the equation of the circle. Hence 


xP + yi + 2gx, + 2. te =0 
x2 + y2 + 2gx, + 2fi to=0 
x2 + y3 + 2gxg + 2fvs +c = 0 


are three simultaneous equations which can be solved for g, f, and c. 





Example 1, Find the equation of the circle through the points 
(6, 1), (3, 2) (2, 3). 
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Let the equation of the circle be x? + y? + 2gx + 2fy +¢=0. 
Then since (6, 1) lies on the circle 
36 ++1+412g+2f+c=0 

similarly 9+4+6¢+4ftc=0 
and 4+9+49+6ftc=0 
Solving these simultaneous equations we have 

f= —6, g=—6, c= 47 
Hence the required equation is 

x* + y? — 12x — 12y + 47=0 


Exercises 19b 


Find the equations of the circles passing through the following 
points and state the length of the respective radii. 

1. (0, 0), (3, 1) and (5, 5) 

2. (5, 0), (6, 0) and (8, 1) 

3. (3, 2), (1, 1) and (1, 0) 

4. (2, 1), (—2, 5) and (—3, 2) 

5. Find the equation and radius of the circumcircle of the tri- 
angle formed by the three lines 2y — 9x + 26=0; 9y + 2x + 
32 =0; lly — 7x —27=0. 


19.3. THE EQUATION OF THE TANGENT AT 
THE POINT (x;,y:) ON THE CIRCLE 
x* 4+ y? + 2gx+ 2fvy+c=0 


Differentiating the equation with respect to x we have 


ax + 2y% + 2g +f = 0 
x 





dx 
dy_ = @+8) 
dx (y+) ( 
Hence the gradient of the tangent at the point (x, y,) is — 4+ 8) : 
Hence by (18.6) the equation of the tangent is a th/) 


_ Os + g) (x A x1) 
1+) 
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EQUATION OF THE TANGENT AT POINT (Xj, y:) 
or Wa + IS — Vi — f= —xX + x — Bx + BK 
ie. xX + yi text fy=xatyitsatiNn 
Now add gx, + fy, + ¢ to both sides to obtain 


xxy + yi +8 +x) +f +yd Fe = xi + yi t+ 2gm + fi te 
=0 
because (x;, y,) lies on the circle. Hence the required equation is 


xy t+ yy, t+extxyt+fyty)+e=0 ....(19.6)* 


Example 1. Find the equation of the tangent at the point (—3, 1) 
on the circle 4x? + 4y? — 12x + 24y — 55 =0. 

When using equation (19.6) to find the equation of the tangent it is 
not necessary to reduce the coefficient of x* and y? to unity, as it was 
when the centre and radius had to be found (see section 19.1, 
Example 2). 

Hence the equation of the tangent is 


4x(—8) + 4y.1—6@ —$ +1220 +1) —55=0 
that is 8y — 6x —17=0 


Example 2. Find the equation of the tangent at the point (1, 0) 
on the circle x? + y? —- Sx —y+4=0. 
The equation of the tangent is 


x. l+y.0—8@%+4+1)—40+4+0)+4=0 
that is 3x +y—3=0 


Exercises 19c 


Find the equations of the tangents to the following circles at the 
given points. 

1. x? ++ y? — 10y = 0; (3, 9) 

2. 2x? + 2y? +x — Uy—1=0; (—2, 5) 

3. x? + y? + 3x — 3y — 38 = 0; (—7, —2) 

4, 9x* + Oy? — 12x + 42y — 236 = 0; (—2, § 

5. Verify that the point (8,6) is common to both the circles 
x? + y? — Ilx — 7y +30 =0 and x? + y?—x + 3y — 110 = 0. 


* Note that this equation can be obtained from the general equation of a 
circle by replacing x* by xx,, y® by yy1, 2x by (x + x,), and 2y by (y + ys). 
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Find the equations of the tangents to each of the circles at the point 
(8, 6) and hence deduce that the circles touch each other. 


19.4. THE LENGTH OF THE TANGENT FROM 
A POINT P(X, Y) OUTSIDE THE CIRCLE 
x? + y? + 2gx + 2fy+c=0 
Referring to Figure 19.3, C is the centre of the circle and T the 
point of contact of the tangent. PT is perpendicular to the radius 
TC. 





Figure 19.3 


Hence PT? = PC? — CT? ... (i) 


From (19.4) C is the point (—g, —f) and P is the point (X, Y) 
hence 
PC? =(X +g)? +(¥ +f) ... (ii) 
Also from (19.4) 
TC = radius = //(g? + f? — c) .. iti) 


Hence substituting (iii) and (ii) in (i) 
PT? =(X+gF +(¥ +f) -@+f2—0) 
= X94 Y2+2¢X¥ + 2fY+e ... (19.7) 


Thus the square of the length of the tangent is obtained by sub- 
stituting the co-ordinates of the point in the left-hand side of the 
equation of the circle. Note that if PT? has a negative value it 
indicates that P is inside the circle. 


Example 1. Find the length of the tangent from the point (5, 6) 
to the circle x? +- y? + 2x + 4y — 21=0. 
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From (19.7) 
PT? = 3% +674+2x5+4x6-21 


= 74 
hence PT = //74 
19.5. THE POINTS OF INTERSECTION OF THE 


STRAIGHT LINE y = mx-+c AND THE 
CIRCLE x? + y2=7? 


The co-ordinates of the points of intersection will satisfy the 


equations of the line and the circle simultaneously 


i.e. e+ y= ri . (i) 
and y=mx+e ... (ii) 
Substituting in (i) from (ii) we have 
x? + (mx +c? =r? 
or (1 + m?)x? + 2mex +c? — r? = 0 ... (19.8) 


‘This equation has real, coincident or complex roots according to 


whether the discriminant of this quadratic viz. 
(2mc)? — 4(1 + m®)(c? ~— r?) = 4(r?(1 + m?) — c?) 


is positive zero or negative [i.e. according as c? is less than, equal to, 


or greater than r2(1 + m?)]. 


Example I. Find for what values of c the line y = 2x + c meets 
the circle x? + y? = 9 in two real, coincident and imaginary points. 


Illustrate with a diagram. 


Substituting y = 2x -+ c in the equation of the circle x? + y? = 9, 


we obtain 
x? + (2x +c)? =9 


5x? + 4cx +c? —9=0 


The discriminant of this quadratic is 16c2 — 20(c? — 9) = 180 — 4c?, 


Hence 
if 180 —4c2 >0 ie. c? < 45 we have real roots; 
if 180 — 4c? =0 ie. c? = 45 we have coincident roots; 
if 180 — 4c? <0 ie. c? > 45 we have complex roots 
(see Figure 19.4). 
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The geometrical interpretation of these results is quite generally: | 
if c? < r%(1 + m?) the line cuts the circle in two distinct points; if 
c? = r(1 + m?) the line is a tangent to the circle; if we obtain 
c? > r(1 + m?) the line and circle do not meet. 

Referring back to (19.8) the condition for y= mx +c to bea 
tangent to the circle x? + y? = r? is c? = r°(1 + m?) 


i.e. c= +r/(1 + m*) 


Thus the two lines 
yomxtr/(l +m’) .. + 6(19.9) 


are always tangents to the circle x? + y? = r?. 





Figure 19.4 


Example 2, Find the equations of the tangents to the circle x? + 
y® = 25 which pass through the point (15, —5). 

The radius of the given circle is 5 units. Hence from (19.9), 
y=mx +5/(1 +m?) are always tangents to the circle. These 
lines pass through the point (15, —5) if these co-ordinates satisfy 


the equation, 
—5= iSm+ 5/0 -++ m?) 


ie. (—5 — 15m) = +5,/(1 + m’) 

On removing the common factor 5 and squaring we have 
(1 + 3m)? = 1+ m 
8m? + 6m = 0 

which has two roots m = —$ or 0. 


410 


EXERCISES 


Hence the two tangents are 
y= bx t+ SVU + vs) 
and y =0-—5/(1 + 0) 
Le. 4y + 3x = 25 or y = —5 
Exercises 19d 
1. Find the lengths of the tangents from the point (5, —2) to (i) 
the circle x? + y? + 2x — 3y =0 and (ii) the circle x? + y? — 
x—S5y+9=0. 
2. Find if the points A(2, —1), B(—2, —1), C(3, —2) are inside, 
outside, or on the circle x? +- y? — 2x +y—5=0. 
3. The length of the tangent from the point (3, 2) to the circle 
x? + y? — 2x — 3y +k =0is 9 units. Find the value of k. 
4. Find the points of intersection of the line x + y — 3 = 0 and 
the circle x? ++ y>+x—-—Sy+4=0. 
5. Find the equations of the tangents to the circle x? + y? = 289 
which are parallel to the line 8x — 15y = 0. 
6. Write down the equation of the tangent to the circle x? + 
y? — 3x + 5y = 0 at the point (0, 0). 
7. Show that the line 3x — 4y — 10 = 0 is a common tangent of 
the two circles x? + y? = 4 and x? + y? — 22x — 24y + 240 = 0. 
8. Given the three circles 
x? + y? — 16x + 60 = 0 
x? + y? — 12x + 20 =0 
x? + y? — 16x — 12y + 84=0 
find (i) the co-ordinates of a point such that the lengths of the 
tangents from it to each of the three circles are equal (ii) the length 
of each tangent. (L.U.) 
9. (i) Find the radius and co-ordinates of the centre of the circle 
x? + y? — 2x — 6y + 6 = 0. (ii) If the line x = 2y meets the circle 
x? + y? — 8x + 6y —15=0 at the points P, Q, find the co- 
ordinates of P and Q and the equation to the circle passing through 
P, Q and the point (1, 1). (L.U.) 
10. A circle touches the y-axis at (0, 3) and passes through (9, 0). 
Find its equation. Find also the equation of the other tangent from 
the origin. (W.J.C.) 


EXERCISES 19 


1. A circle, the co-ordinates of whose centre are both positive, 
touches both axes of co-ordinates. If it also touches the line 
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3x + 4y — 60 = 0 find its equation and the co-ordinates of its 
point of contact with this line. 

2. Show that the distance between the centres of the following 
circles is equal to the sum of their radii: x? + y? — 2x — 4y — 20 = 
0, x? + y? — 26x — 22y + 190 = 0. 

3. Prove that the line 3x + 4y = 13 is a tangent to the circle 
x® + y? — 2x — 3 = 0 and find the equations of the two tangents 
perpendicular to this one. (L.U.) 

4. Find the radii and the co-ordinates of the centres of the two 
circles which touch the x-axis and which pass through the points 
(3, —2) and (2, —1). 

5. Determine the two values of c for which the line 3x + 4y + 
c = 0 is a tangent to the circle x? + y? — 6x — 2y — 15 =0. 

6. Show that for all values of 6 the line xcos? + ysin0=a 
is a tangent to the circle x? + y? = a? and find the point of contact in 
terms of 6. 

7, Find the equation of the circle through the three points A(1, 3), 
B(4, 2), C(5, 1), also the length of the chord of this circle which 
passes through the origin and makes an angle of 135° with the 
positive direction of the x-axis. 

8. A, B are the points of contact of the tangents from the point 
P(1, 1) to the circle x? + y? — 4x — 6y + 12 = 0. Find the centre 
and radius of the circle and the length PA. Hence if the chord AB 
subtends an angle 20 at the centre of the circle find the values of 
tan 6. 

9. Find the equation of the circle of radius 12% which touches 
both the lines 4x — 3y = 0 and 3x + 4y — 13 = 0 and intersects 
the positive y-axis. 

10. Show that the pair of tangents from the point (23, 7) to the 
circle x* + y? = 289 are mutually perpendicular. 

11. Show that the line x — 5 =0 always cuts the circle x? + 
y? — (6 + 4)x — 6y + (5A — 11) =0 in the same two points, 
whatever the value of A. Find the co-ordinates of these points. 

12. Find the equation of the circle that passes through the points 
(0, 1), (0, 4), (2, 5). Show that the axis of x is a tangent to this circle 
and determine the equation of the other tangent which passes through 
the origin. (J.M.B.) 

13. Mark the three points A(0, 2), B(O, —2), C(—4, 2) in a 
sketch and write down the co-ordinates of the centre, the length of 
the radius and the equation of the circle through the three points. 
Show that the line x + y + 6 = 0 is a tangent to the circle. Also 
obtain the equation of a second circle that passes through the two 
points A, B and touches the line x + y +6=0. (J.M.B.) 
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14. Acircle touches both the x-axis and the line 4x — 3y + 4 
Its centre is in the first quadrant and lies on the line x — y — 1 
Prove that its equation is x? + y? — 6x —4y+9=0. 
(J.M.B., part) 
15. If P(x, y,) is a point outside the circle x? + y® + 2gx + 
2fy + ¢ = 0 show that the length of the tangent PT from P to the 
circle is given by 


PT? = xf + yi + 2gx1 + 2fyi + ¢ 


Two circles have centres A(1, 3) and B(6, 8) and intersect at C(2, 6) 
and D. Find the equation of each of the circles and that of the 
line CD. 

The tangents to the circles from a point P are of equal length. 
Verify that P lies on CD. (J.M.B.) 

16. Find the equation of the circle which has as the ends of a 
diameter the points where the line x —y—=1 meets the locus 
x? + 2y? — 4x —-4y +4=0. [Hint: show that the equation 
(19.5) can be written x? + y? — x(x, + x2) — pa + y2) + ¥X_ + 
Yi), = 0 and remember that the sum of the roots of a quadratic 
equation equal ““—b/a’’ and the product “‘c/a’’.] 

17. A(2, 1) and B66, 4) are the ends of a diameter of a circle. Find 
the equation of the circle and show that it touches the x-axis at the 
point P(4, 0). The line joining the origin O to the point A meets the 
circle again at C. Find the length of the chord AC. 

18. Prove that the circles 


x? + y? — 20x — l4y + 113 = 0 
4x7 + 4y? + 16x — l6y — 49 =0 


lie entirely outside each other and find the length of the shortest 
distance from a point on one circle to a point on the other. 
19. Prove that the circles 


x* + y? — 10x — 8y — 59 =0 
x* + y? — 16x — loy + 119 =0 


lie one entirely inside the other and find the length of the shortest 
distance from a point on one circle to a point on the other. 

20. Prove that the circle which has as a diameter the common 
chord of the two circles x? + y® — 14x — 6y + 33 = 0, x? + y? + 
2x — 6y — 15 = 0 touches the axes of co-ordinates. 

21. Show that the circumcircle of the triangle formed by the x-axis 
and the pair of perpendicular lines (2x + y — 1)(x — 2y +2) =0 
passes through the points (0, 1), (0, —1). 


413 


THE CIRCLE 


22. The two circles x* + y?+ 24x +3=0 and x?+ y?+ 
2dy — 3 = 0 have centres C, and C, respectively. If P is one of their 
points of intersection show that C,C? = C,P? + C,P? for all values 
of 2. 

23. The equations of the sides of a triangle are x + y -4=0, 
x—y—4=0, 2x+y—5=0. Prove that for all numerical 
values of p and q the equation p(x + y — 4)(2x +y—5)+ 
qx — y — 42x + y — 5) = (x — y — 4x + y — 4) represents a 
curve passing through the vertices of this triangle. 

Find the values of p and g which make this curve a circle and so 
determine the centre and radius of the circumcircle of the triangle. 

(J.M.B.) 

24. A point moves in such a way that the lengths of the tangents 
from it to the circles x? + y? + 14x + 25=0, x? + y®? — 16x + 
25 = 0 are in the ratio 2:1. Show that the point describes a circle 
and find its radius and the co-ordinates of its centre. (W.J.C.) 

25. Find the equation of the circle circumscribing the triangle 
whose sides are x = 0, y = 0, Ix + my =1. If J and m can vary 
so that /? + m? = 4/?m? find the locus of the centre of the circle. 
(Hint: if ix + my = 1 meets the axes at P, Q then PQ is a diameter 
of the required circle.) 

26. Prove that the circles 

x? + y? + 2x — 8) +8 =0 
x? + y? + 10x — 2y +22 =0 
touch one another. Find (i) the point of contact, (ii) the equation 
to the common tangent at this point and (iii) the area of the triangle 
enclosed by this common tangent, the line of centres and the y-axis. 
(L.U.) 

27. Find the co-ordinates of the centre and the radius of the circle 
x? + y? — 4x — 2y + 4=0. Find the equations of the tangents to 
this circle from the origin. 

Show that the line 5x + 12y = 35 is a tangent to the circle and find 
the co-ordinates of the centre of the circle which is the reflection of 
the given circle in this line. (J.M.B.) 

28. Prove that for different values of 6 the locus of the point 
[(5 cos @ + 3), (5 sin 6 — 4)] is a circle passing through the origin. 
Find the equation of the tangent at the origin. 

29. Find the condition that the two circles x* + y® + 2g.x + 
2fiy +c, =0, x? + y? + 2gax + 2fgy + c,=0 may touch, and 
prove that, if they touch, the point of contact lies on each of the lines 

2(g1 — 82)x + 21 -— fy +1 — 2 = 0 
(h — fx — 1 — gay + fie — fbi = 0 
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30. Find the equation of the circle with centre at the point (2, 3) 
and radius 5. Find the equation of the tangent at the point (5, 7) 
and verify that it is parallel to the diameter through the point 
(—2, 6). Write down the co-ordinates of the point of contact of the 
other tangent parallel to this diameter. (J.M.B.) 

31. The co-ordinates of the points A and B are (—2, 2) and (3. 1) 
respectively. Show that the equation of the circle which has AB as 
a diameter is x? + y2— x —3y-4=0. 

If A and B are opposite corners of a square, find the co-ordinates of 
the other corners. (J.M.B.) 

32. O is the origin and a line OA, of length 2a, makes an angle « 
with the x-axis. Find the equation of the perpendicular bisector of 
OA. 

A circle is drawn through O, A and the point P(2/, 0). Find the 
co-ordinates of the centre of the circle. 

If # varies, find the equation of the locus of the point of inter- 
section of the tangents at O and P to the circle. (L.U.) 

33. A is the point (2, 3), B is the reflection of A in the line PQ 
given by y = 1 and C is the reflection of B in the line PR given by 
4y = 6x — 3. Find the co-ordinates of C and the length of AC. 

Show that A is the reflection of C in the line perpendicular to CA 


and passing through P. 
Find the equation of the circumcircle of the triangle ABC, 
simplifying your result. (L.U.) 


34. Show in a sketch the part of the x,y plane in which the fol- 
lowing three inequalities are all true. 


x? + y®— 100 <0 
lly —7x —77>0 
9y + 8x — 80>0 


If the last two inequalities are reversed what is the area? 
35. Prove that the circles which touch both the lines y = x tan « 


and y = —x tan « have equations of one of the forms 
x? + y? — 2px + p* cos? a = 0 
or x? + y? — Igy + q* sin? «a = 0 


where p and q may take any values. 
Deduce the equations of the circles through (2, 6) which touch the 
lines y = 2x and y = —2x. (S.U.J.B.) 
36. Two circles S, and S,, of radius r, and r,, touch each other at 
the origin and their centres C, and C, are at (rn, 0) and (72, 0) 
respectively. A point P moves so that the lengths of the tangents 
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from P to S, and S, are in the ratio k:1. Prove that the locus of P 
is a circle whose centre divides C,C, in a certain ratio and find the 
ratio. (S.U.J.B.) 

*37. The co-ordinates of the vertices of a triangle are A(2z1, 0), 
BO, 4), C(, 2t). Obtain the co-ordinates of its orthocentre in the 
form 

x= t(8 —3)/(?—1), yp = 502/20? -1) 

assuming ¢ ~ 0 or +1. 

Also obtain the equation of the locus of the orthocentre as t 
varies in the form 8y(y — 4)? = x*(2y — 5). (W.J.C.) 

*38. The tangents from the origin to the circle x? +- y? + 2gx + 
2fy + ¢ =0 touch it at P, Q. Obtain the equation of the circle on 
PQ as diameter in the form 


Cf? + B(x? + y?) + 2egx + 2cfy = c(f* + g* — 2c) 


Find the relation of inequality which holds between g, f, c if this 
second circle encloses the origin. 

*39. Two circles have centres (a, 0) and (—a, 0) and radii b, ¢ 
respectively where a > b> c. Prove that the points of contact of 
the exterior common tangents lie on the circle x? + y? = a? + be. 

Find the corresponding result for the points of contact of the 
interior common tangents. (L.U,) 

*40. Show that the co-ordinates ofa point P on the circle (x — a)? + 
(y — 6)? =r? may be written in the form x =a+rcos8, y= 
b +rsin 6, where 6 is the angle which the radius to P makes with 
the x-axis. Prove that the equation of the tangent at P is (x — a) 
cos 6 + (y — b)sin@ =r. Prove also that, if N is the foot of the 
perpendicular from the origin to this tangent, the co-ordinates of 
N satisfy the equation y cos 0 — x sin @ = 0, and deduce that the 
locus of N as P moves round the circle is 

[x(x — a) + yy — b)P = 2? + y’). (L.U.) 

*41. Show that if the circle x? + y? + 2gx + 2fy +c=0 cuts 
the x-axis, its intercept on that axis is of length 2,/(g? — c). 

Show that the locus of the centre of a circle which makes intercepts 
8,/6, 16 respectively on the x- and y-axis is the curve x? — y? = 32. 

Show that, if the abscissa of the centre of such a circle is 6, there 
are two circles satisfying the conditions and find their equations. 

(W.J.C.) 

*42. Prove that the equations of two given circles can always be 
put in the form x? + y?+ 24x +c=0, x? + y?+ 2uxt+ec=0 
and that one circle will lie entirely inside the other if both Ay and c 
are positive. 
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*43. Show that the line 4x + 3y = 25 touches every circle of the 
system x? + y® — 25 + k(4x + 3y — 25) =0 at the same point, 
and find the co-ordinates of the point. 

Find the equations of two circles of the system that touch the line 
y =7. Determine the co-ordinates of the point of intersection of 
the line of centres with the tangent y = 7. Hence, or otherwise, 
obtain the equation of the other direct common tangent to these 
circles. (J.M.B.) 
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THE PARABOLA, ELLIPSE, HYPERBOLA, 
AND SEMI-CUBICAL PARABOLA jy? = kx® 


20.1. INTRODUCTION 


THE locus of a point P(x, y) which moves so that the ratio of its 
distances from a fixed point S (the focus), and from a fixed straight 
line ZQ (the directrix), is a constant (e, known as the eccentricity), has 
different forms according as e is less than, equal to, or greater than 
unity. The locus is known as a parabola when e = 1, an ellipse when 
e <1 and a hyperbola when e> 1. We shall see in the sections 
that follow that the loci are all given by second degree equations 
in x and y. 


20.2. THE PARABOLA (e = 1) 


Let SZ be the line through the focus perpendicular to the directrix 
ZQ (see Figure 20.1). 





Figure 20.1 


By the definition of the locus it passes through the point midway 
between S and Z. 

The form of the equation of the locus depends on the choice of 
axes. The simplest form of the equation is obtained by taking the 
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origin O, as the point midway between S and Z and axes perpendicular 
and parallel to ZQ. 

Let SO = OZ = a referred to these axes. The focus S is the point 
(a, 0) and the directrix ZQ is the line x = —a. If P(x, y) is any point 


on the locus PS = PM 

Hence Vix —a?+yJax+a 

ie. (x — a? + y? = (x +a)? 

Hence y? = 4ax . +. .(20.1) 


This is the simplest form of the equation of a parabola and is 
obtained because of our choice of axes. 

To trace the parabola (assuming a > 0) we first observe that 
y is not defined if x is negative so that the curve lies wholly to the 
right of the origin. Since we can rewrite the equation y = +2,/ax, 
the curve is symmetrical about Ox and this line is often referred 
to as the axis of the parabola. If x is zero, y? = 0 showing that the 
y-axis meets the curve in two coincident points at the point (0, 0), 
known as the vertex. Hence the y-axis is the tangent at the vertex. 
The general shape is shown in Figure 20.1. 

The double ordinate LSL’ through the focus is known as the 
latus rectum. Since the abscissa of the point L is x = a, substituting 
in the equation (20.1) we have that the ordinate LS has length 2a. 


Hence LSL’ = 2LS = 4a ..+(20.2) 


x=3 





Figure 20.2 


Example 1. Find the equation of the parabola with focus (5, 4) 
and directrix x = 3. 

Refer to Figure 20.2. Let P(X, Y) be any point on the parabola, 
then P is equidistant from the focus and the directrix. 
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Hence SP = PM = PN — MN 
i.e. JVUX — 5? +(¥ —- 41 = x -3 
: (X — 5)? + (¥ — 4)? = (x — 3) 
X?— 10X + 25+ Y?—8Y+16= X*?—6xX +9 

as Y?—8Y—4X¥ +32=0 
Hence the required equation is 

y? — 8y — 4x 4+ 32=0 
This may be rewritten 

(y — 4)? = 4@ — 4) 

Referring to Figure 20.2 the vertex V is the point (4, 4). If the origin 
of co-ordinates is moved to this point the equation becomes 
y” = 4x which is the same as equation (20.1) with a = 1. 


Example 2. Find the equation of the parabola with focus (—3, 2) 
and directrix x —y+1=0. 





Figure 20.3 


Let P(X, Y) be any point on the parabola. Then P is equidistant 
from the focus and the directrix. Hence 


SP = PM 
ihr aha ee a 
VIX + 3) + (¥ — 2)°] V2 


[see (17.5) and (18.20)] 
2.x? ++ 6X +9+ Y?—4Y+44) 


= X?—2XY4+ Y?4+2X¥—-2Y+1 
that is X?+2XY + ¥?+10¥ —6Y425=0 
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Hence the required equation is 
x? + Ixy + y® + 10x — 6y + 25=0 
To reduce this equation to its simplest form [see equation (20.1)] 


we should need to change the origin and rotate the axes. This 
latter technique is beyond the scope of this book. 


Example 3. A telephone wire hangs from two points P, Q distance 
60 yd. apart. P, Q are on the same level. The midpoint of the 
telephone wire is 3 yd. below the level of PQ. Assuming that it hangs 
in the form of a parabola* find its equation. 








Figure 20.4 


With axes as shown in Figure 20.4 the required equation is of the 
form x? = 4ay. 
The point Q has co-ordinates (30, 3) and lies on the curve, so that 


30° = 4x ax 3 
ae =a 
Therefore the required equation is x? = 300y. 


20.3. THE EQUATIONS OF THE TANGENT AND 
NORMAL AT THE POINT (x, y:) ON 
THE PARABOLA y? = 4ax 
Differentiating the equation of the parabola, with respect to x 
we have d 
y 
2y— = 4a 

: dx 

Hence the gradient of the tangent at the point (x, y1) is 2a/y, 
and the equation of the tangent is 


: 2a 
(y — yi) = — & — x) 
V1 
or yy, — yi = 2ax — 2ax, 
* The true shape of such a chain is a catenary but this approximation is 
often of practical use. 
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However, since (x, y;) lies on the curve, y? = 4ax,. Hence 
yy, — 4ax, = 2ax — 2ax, 
and the required equation is 
VV1 = 2a(x + x) ....(20.3) 


It should be noted that the equation of the tangent can be 
obtained from the original equation of the parabola by replacing 
y* by yy, and 4ax by 2a(x + x,). This is a similar rule to the one 
used for a tangent to a circle. 

The normal to a curve at a point is the line passing through the 
point and perpendicular to the tangent at the point. Hence since 
the slope of the tangent is 2a/y, [see (20.3)] the slope of the normal 
is —y,/2a. Hence the equation of the normal is 


y—y=— (x — x) .. (20.4) 
2a 


Example 1. Find the equations to the tangents to the parabola 
y* = 48x at the points (3, 12) (48, —48). Show that these tangents 
are at right angles and find their point of intersection. Here 


4a = 48; .. @=12 


For the tangent at the point (3, 12), x, = 3, y, = 12. Hence sub- 
stituting in (20.3) we have 


y X 12 = 24 + 3) 
or y=2x+6 ...-i) 
Similarly for the tangent at the point (48, —48) 

y(—48) = 24(x + 48) 
or y= —4tx — 24 (ii) 


From (i) and (ii) the slopes of the tangents are 2 and —} and the 
product of these is —1. Hence by (18.15) the tangents are at right 
angles. 

From equations (i) and (ii), at the point of intersection 


2x +6 = y= —4x — 24 
4x +12 = —x — 48 
x=—12 and y= —I18 
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Note that since ‘‘a’” = 12 in this case, x = —12 is the equation 
of the directrix and this point lies on the directrix. 


Exercises 20a 


1. Sketch the following parabolas showing foci and directrices: 
(i) y? = 8x (ii) y? = —24x (iii) x = —y (i) * = 12y ©) 3? + 
8x = 0. 

2. The parabola y? = 4ax passes through the point (2, —4). 
Find the co-ordinates of the focus. 

3. A rod rests on two horizontal supports 12 ft. apart and the 
maximum sag is 1 ft. If the supports are at the same level and the 
rod is in the shape of a parabola find its equation in its simplest form. 

4. Find the equations of the tangent and normal (i) to the parabola 
y? = 4x at the point (1, 2), (ii) to the parabola x? = —12y at the 
point (—6, —3). 

5. The normal to the parabola y? = 12x at the point (3, 6) 
is produced to meet the curve again at the point Q. Find the co- 
ordinates of Q. 

6. Find the equations of the parabolas with the following foci 
and directrices: 

(i) focus (2, 1), directrix x = —3 

(ii) focus (0, 0), directrix x + y = 4 

(iii) focus (—2, —3), directrix 3x + 4y —3 = 0. 

7. The normal at a point P(2, 4) on the parabola y? = 8x meets 
the axis of x at G. N is the foot of the perpendicular from P to the 
axis. Prove that NG = 4 units. 

8. PSQ is a chord of the parabols y? = 24x. S is the focus and 
P is the point (2, 6). Find the co-ordinates of the point Q, and show 
that the tangents at P and Q are at right angles. 

9. A circle with centre (3,0) and radius 6 units meets the pa- 
rabola y? = 12x at the points P, Q. Prove that the tangents to the 
parabola at P and Q meet on the circle. 

10. The tangent to the parabola x? = 8y at the point P(12, 18) 
meets the tangent at the vertex at the point V. IfS is the focus prove 
that SV and VP are perpendicular. 


20.4. THE POINTS OF INTERSECTION OF THE 
LINE y= mx-+c AND THE PARABOLA y? = 4ax 
In order to find the points of intersection we solve the two 
equations simultaneously. 
From y = mx + c and y? = 4ax we have 
(mx +c)? = 4ax 
or mx? +. 2(me — 2a)x + c® = 0 .-«-(20.5) 
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The discriminant of this quadratic equation is 
[2(me — 2a)]? — 4mic? 
or 8a? — 8amc = 8a(a — mc) 
Thus the quadratic equation (20.5) has real, equal or complex 


roots according as 8a? — 8amc is greater than, equal to or less than 
zero. 

Thus if c < a/m the line meets the parabola in real points, if 
c > aj/m the line does not meet the parabola, if c = a/m the line 
touches the parabola. Thus we have that 


y=mx+4 (20.6) 
m 


touches the parabola y? = 4ax for all values of m. 


Example I. Find the equation of the tangent to the parabola 
y? = —12x which is parallel to the line y + x = 5. 

Since the tangent is parallel to the line y + x = 5 it has the same 
slope as this line. Hence m = —1. Since y? = — 12x is the equation 


of the parabola 
4a = —12, “. @=—3 


Substituting for a and m in equation (20.6) the required equation is 
—3 
y=(-)x + = 


i.e. ytx= 3 


Example 2. Show that the point of intersection of two perpendicular 
tangents to a parabola always lies on the directrix. 

Let the equation of the parabola be y? = 4ax. Then the line 
y = mx + a/m is always a tangent. If in place of m we write —1/m 
then the line y = —x/m — amis also a tangent and is perpendicular 
to y= mx + a/m. By subtraction the abscissa of the point of 
intersection of these two tangents is given by 


(+2) (haan) 


(m+4)x+a(4 +m) =0 
m m 


that is by x + a = 0 and this is the equation of the directrix. 
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Example 3. Find the equations of the tangents from the point 
(2, 4) to the parabola y? = 6x. 

The equation of the parabola is y? = 6x, hence 4a = 6 i.e. 
a= #, Hence any tangent to the parabola is of the form y = 
mx + 3/2m. This tangent passes through the point (2, 4) if 4= 
2m + 3/2m 


ie. 4m? — 8m +3=0 
or (Qm — 1)(Qm — 3) =0 
Hence m=% or ¢ 


Therefore the tangents from the point (2, 4) are 


ie. 2y=x+6 


Se 
I 
toh 
3 
+ 


ie. 2y=3x+2 


roles | roles pos I poleo 


Exercises 20b 

1. The tangent to a parabola at any point P meets the directrix 
at R. If S is the focus prove that 7 RSP is a right angle. 

2. The tangent to a parabola at any point P meets the axis of 
the parabola at T. PN is drawn perpendicular to the axis to meet it 
at N and V is the vertex. Prove that TV = VN. 

3. P is any point on a parabola whose focus is S. PM is drawn 
parallel to the axis of the parabola. Prove that the tangent at P 
bisects Z SPM. 

4. Show that the equations of the tangents from the point (4, 6) 
to the parabola y? = 5x are 4y = 5x + 4 and 4y = x + 20. 

5. A point source of light is placed at the focus of a parabolic 
mirror. Show that all the rays will be reflected parallel to the axis 
of the parabola. 


20.5. PARAMETRIC EQUATIONS OF THE PARABOLA 
For all values of t the equation y? = 4ax is always satisfied by 
x=at?, y= 2at .. (20.7) 


These are known as the parametric equations of the parabola. 
(at®, 2at) can be used as a general point on the parabola y* = 4ax. 
t has any value. 
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Substituting the co-ordinates of the general point (at?, 2at) in 
(20.3) we have that 
y . 2at = 2a(x + at?) 





Le. ty=x-+ at? .. (20.8) 
is the equation of the tangent at (at?, 2at). Also 
y — 2at = sll (x — at?) 
a 
ie. y + tx = 2at + at? +. .(20.9) 


is the equation of the normal at (af?, 2at). 


Example 1. Sketch the parabola whose parametric equations are 
x= 502, y = 108. 


501” 


Figure 20.5 


This example can be done immediately by eliminating ¢ and 
obtaining the cartesian equation of the curve viz. y? = 20x. How- 
ever, to illustrate the method of sketching from parametric equations 
we proceed as follows. 

We let t have the values —5, —4, ...+-5 and find the corresponding 
values of x and y from the given equations. Thus we can construct 
the following table. 











The last two lines of the table enable us to plot the points and 
hence sketch the curve. (Figure 20.5) 
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Example 2. The tangent to the parabola y* = 4ax at the point P 
meets the directrix at Q. M is the midpoint of PQ. Find the co- 
ordinates of M in terms of the parameter of the point P and the 
locus of M as P moves on the parabola. 


Let P be the point (ap*, 2ap). Then by (20.8) the equation of the 
tangent at P is 


y=" + ap 
Pp 
Q has co-ordinates (—a, eas +a >) 
Pp 
M has co-ordinates [2 (p? — 1), a(3 p— 1)] 
2 2 p 
If M is the point (X, Y) we have 


xX =£(p?—1) and y = 2(3p— 3] 
2 2 p 


We obtain the locus of M by eliminating p from these equations. 





Figure 20.6 


Thus we have p?=(2X + a)/a 


2 
y = 4(32°=1) 
2\ Pp 


( 3a: = 1) 
a a (6X + 2a) 


3 i (2x + a 2/(2X + a) 
a 
the locus of M has nes 
2y,/(2x + a) = (6x + 2a),/a 
ie. y(2x + ve = a(3x + a)? 


Ja 
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Example 3. PSP’ is a focal chord of a parabola, S the focus. If 
P is the point (at?, 2at), find the point P’ and hence show that the | 
tangents at P and P’ are at right angles. 

Since P is the point (at®, 2at) the cartesian equation of the curve 
is y? = 4ax. Hence S is the point (a, 0). 

Let P’ be the point (at’, 2at’). Since PSP’ is a straight line the 
slopes of PS and SP’ are the same. 





2at__———2at' 
av? —a a—at” 
Le. 2a*t — 2a*tt’” = —2a*t't? + 2071’ 





Figure 20.7 
Simplifying we have 
t—t = tt? —1'e 
ie. (¢—t’) = 1tt’(t' — t) 
Since t =4 t’ 


P’ is the point (a/t®, —2a/t). 

From (20.8) the slope of the tangent at P(at?, 2at) is 1/1. Hence 
the slope of the tangent at P’ is 1/(—1/t) i.e. —t, and the product of 
these two slopes is —1. Hence the tangents at P, P’ are at right 
angles. 


Exercises 20c 

1. Sketch the following parabolas: (i) x = t?, y = 2t (ii) x = 101, 
y= 5t—3 (iii) x = 30°+4, y= —6r (iv) x = —8t—- 2, y= 
42 + 1, 
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2. Find the length of the latus rectum of the parabola 4x = 1°, 
2y = 6. 

3. Find the equations of the tangent and normal at any point on 
the parabola x = 6¢, y = 3f?. 

4. Show that the point of intersection P of the tangents at the 
points A(at}?, 2at,) B(at?, 2at,) on the parabola y* = 4ax has co- 
ordinates X = at,t., Y = a(t, + ta). If ty — t. = 3 find the locus of 
P as A and B vary. 

5. The normal at any point P on the parabola y? = 12x meets the 
axis of the parabola at G. Show that the co-ordinates of M, the 
midpoint of PG are (3 +- 3¢?, 3t). Hence show that the locus of M 
as P moves round the parabola is y*? = 3x — 9. 


Exercises 20d 


1. A point moves in such a way that its distance from the point 
S(5, 12) is always equal to its perpendicular distance from the line 
y = 13. Show that the equation of its locus takes the form y = 
ax — bx? and find the constants a, b. 

Show that the curve passes through the origin O; find the equation 
of the tangent at that point; and show that the tangent bisects the 
angle between OS and the positive direction of the y-axis. (W.J.C.) 

2. Obtain the equation of the normal to the parabola y*? = 4ax 
at the point (at?, 2at). The normal at a point P makes an angle of 
60° with the x-axis and meets the parabola again at the point Q. 
Show that PQ = 32a/3. 

3. Prove that the line ax + by +e +A(a’x + b'y +c’) =Oisa 
tangent to the parabola y? = 4x if A*(a’c’ — b’*) + A(ac’ + a’e — 
2bb’) + ac — b? = 0. Hence, or otherwise, find the equations of the 
two tangents to the parabola y? = 4x which pass through the inter- 
section of the lines x — y + 1 =0, 2x +3y—5=0. 

4, The points P, Q on the parabola y* = 4ax have co-ordinates 
(ap*, 2ap) (aq?, 2aq) respectively. Show that if PQ passes through the 
focus (a, 0) of the parabola then pg = —1. Express the co-ordinates 
of the midpoint M of the chord PQ as functions of pg and p+-q, and 
find the equation of the locus of the midpoints M of all focal 
chords. Show that the locus is another parabola and state the co- 
ordinates of its vertex and focus. Give on one diagram a rough 
sketch of this locus and of the given parabola. (J.M.B.) 

5. Prove that the equation of the chord joining the points (aj, 
2at,), (at?, 2at,) on the parabola y? = 4ax is y(t, + t2) — 2x = att. 

A variable chord of this parabola always passes through the point 
(4a, 0). Show that the locus of the middle point of the chord is the 
parabola y? = 2a(x — 4a). 
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6. The tangent and normal at P(at®, 2at), a point on the parabola 
y® = 4ax, meet the x-axis at T and G respectively. Prove that P, 
T and G are equidistant from the point (a, 0). Hence prove that the 
tangent at P to the parabola is inclined to the tangent at P to the 
circle through P, T and G at an angle tan ¢. (L.U.) 

7. The chord joining two variable points A, B on a parabola 
always passes through a fixed point on the axis. Show that the locus 
of the point of intersection of the normals at A and B is another 
parabola. 

8. The two parabolas 


y=4x and (y + 44)? = —4(x — 422 — 2) 


meet at the points A and B. Show that the line AB passes through the 
focus of the first parabola for all values of A. 

9. The line y = k(x — 2) meets the parabola y? = —8x in the 
two points P and Q. Find the co-ordinates of the midpoint M of 
PQ in terms of k. Hence show that as k varies M lies on the parabola 
y? = 422 — x). 

10. Prove that, in a parabola, the portion of any tangent between 
the point of contact and the axis of the curve is bisected by the tangent 
at the vertex. 


20.6. THE ELLIPSE (e < 1) 


We recall that S is the focus and ZQ the directrix. If P(x, y) 
is any point on the curve and PM is perpendicular to ZQ then 


SP = ePM 


Take Z’SZ perpendicular to the directrix ZQ. Let the points A, 
A’ divide SZ internally and externally in the ratio e:1. Thus A, 
A’ are points on the ellipse. 

The form of the equation, like the parabola, depends on the 
choice of axes. The simplest form is obtained by taking the origin 
O as the midpoint of AA’ and axes perpendicular and parallel to 
AA’ 


Let AA’ = 2a; then OA = OA’ = a. Since A, A’ are points on 
the locus, by definition, SA = eAZ; SA’ = eA'Z. Hence 


SA’ — SA = e(A’Z — AZ) = eAA’ 


that is (OS + OA’) — (OA — OS) = 2ae 
Hence 20S=2ae (OA=OA’) 
: OS = ae .. + «(20.10) 
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Thus the focus S is the point (—ae, 0). Also 


SA’ + SA = e(A’Z + AZ), 


i.e. AA’ = e[(OA’ + OZ) + (OZ — OA)] 
Hence 2a = 2eOZ (OA’ = OA) 
. OZ = ale ... (20.11) 
Thus the directrix ZQ is the line x = —a/e. Now 
PS = ePM 
Hence (x + ae}? + Y= e( x+ 5) 





Figure 20.8 


x? + 2aex + ate + y® = e®x? + 2aex + a? 
x*(1 — e?) + y? = a®(1 — e?) 


that is Laas lee =1 
a’ a1 — e’) 
and writing b? = ai — e*) ... (20.12) 
the equation becomes Ea +2 =1 ... (20.13) 
a 


To trace the ellipse we note that since only even powers of both 
x and y occur in the equation the curve is symmetrical about both 
axes. 
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Also since the equation can be rewritten 


y? 
ta att ) thn —b<y<b 


b 
x? 

or y= o(1—3) then —-a<x<a 
a 


The symmetry of the curve enables us to deduce the existence of 
a second focus S’(ae, 0) and a second directrix Z’Q’(x = a/e). 
To summarize, the curve 


2 2 


xy 
at 


is an ellipse of eccentricity e (<1) given by the equation b? = 
a’ (1 — e*). The foci are the points (ae, 0), the directrices the lines 
x = +a/e, AA’ = 2a is the major axis, BB’ = 26 is the minor axis, 
and O is the centre of the ellipse. The chord LS’L’ through S’ 
perpendicular to the major axis is known as the latus rectum. 

The area of an ellipse can be found by the method of integration 
(see Chapter 15). 

From Figure 20.8 it can be seen that, by symmetry 


Area = 4 x A’OB’L 


= 4 vax 
0 


Now +51 
pouli-3 
=? Mla’ — x’) 
Thus area = 4 eva — x*) dx 


eee J(a? — x*) dx 
aJo 
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Referring to section 14.4, Example 2 we have that 


a 2 
| J(a — x*) dx = oe 
0 4 


2 
area of an ellipse = ab ma 
a 4 
= nab (20.14) 


Example 1. Find (i) the eccentricity (ii) the co-ordinates of the foci 
(iii) the equations of the directrices of the ellipse x?/25 + y?/16 = 1. 

(i) Comparing the given equation with (20.13) we have that 
a=5,b = 4. Substituting in (20.12) we have 


16 = 25(1 — e%) 
25e2 = 9 
thus e=#? 


(ii) The co-ordinates of the foci are (-ae, 0), that is (+3, 0). 
(iii) The equations of the directrices are x = +-a/e, that is 
x= +28, 


Example 2. Show that the length of the latus rectum of the ellipse 
x*/a® + y?/b? = 1 is 2b°/a. 

Referring to Figure 20.8 the latus rectum is the line through the 
focus S’(ae,0) perpendicular to the major axis AA’. Hence its 
equation is x = ae. The ordinate of the point L(LS’) is therefore 
obtained by solving the two equations 


2 
x y 
x = ae, at po 1 
ae" y? 
Thus ae BP = 
i.e. y? = b(1 — e?) 
Now LS’ = y= b/(1 — e*) 
From (20.12) ,/(1 — e?) = b/a 
, bP 
LS =— 
a 


the latus rectum 2LS’ = 26?/a. 
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Example 3. Show that the ellipse with eccentricity ./5/3, focus 
— ./5)2 
(0,2) and directrix x = —4,/5/5 has the equation Soi + 
Q — 2) 
<= =], 
Let P(x, y) be any point on the ellipse and let PM be perpendicular 
to the directrix. Hence SP? = e?PM? 





Figure 20.9 


2 
4S 
5 5 


x —2P%== 
OSS 

Therefore x*+(y—2)?= ; x7 S: x + > 

Rearranging we have 


4. 8,/5 2 16 
-x' —-— x —2 = 
5 3 +(y — 2) 7 


ie. (x? — 2,/5x) + (y — 2)? 


“Completing the square” of the terms in x we have 


_16 


Se — V+ B= 4 


ars 2 —. 2 
thus (x — 5) + (y — 2)" = 1 
9 4 
Referring to Figure 20.9, if the origin of co-ordinates is moved to 
the point C(,/5, 2) the equation becomes x?/9 + y?/4 = 1 which is 
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the same as the equation (20.13) with a = 3, b = 2. It follows that 
C(./5, 2) is the centre of the ellipse. 
Exercises 20e 


Find (i) the eccentricities (ii) the co-ordinates of the foci (iii) the 
equations of the directrices (iv) the areas and (v) sketch the ellipses: 


x? y? x? y 
1 — — " —— 
100" 64 64 * 100 
3, 4% 4y? _ \ xe fie eae 
2° «9 6 4 
__ 12 2 
5. 2x? + y? = 2 ee ee i 


7, Find the length of the latus rectum of the ellipse x2/169 + 
y*/144 = 1. Hence find the co-ordinates of the four points in which 
the latera recta meet the ellipse. Verify that these co-ordinates 
satisfy the equation of the ellipse. 

8. Find the equation of the ellipse which has the co-ordinate axes 
as its principal axes and passes through the points (—1, 3), (2, —1). 
Find also its eccentricity. 

9. An ellipse has eccentricity e = #. Its foci are the points 
(0, +4). Find the lengths of its semi-major and semi-minor axes 
and hence write down its equation: 

10. An ellipse of eccentricity § has the points (3, 2) (7, 2) as foci. 
Find the lengths of the major and minor axes, the equations of the 
directrices, the co-ordinates of its centre, and the equation of the 
curve. 


20.7. THE EQUATIONS OF THE TANGENT AND 
NORMAL AT THE POINT (x,,y,) ON THE 
ELLIPSE x2/a? + y2/b? = 1 


Differentiating the equation of the ellipse with respect to x 

2x | 2ydy 

b? dx 

Hence the gradient of the tangent at the point (x,, y,) is —b?x,/a*y,, 
and the equation of the tangent is 


=0 


2x, 





—b 
yr n= &- xy) 
a 
2 
B22 ee 4 Aca? | 
- Bh ge ak as 
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2 2 
that is i es 
b a a b 
or since (x,, y,) lies on the ellipse 


Y¥1 | XX 
oP at 
We again note that the equation of the tangent is obtained from 
the equation of the curve by replacing x* by xx, and y? by yyy. 
Since the normal is perpendicular to the tangent and passes 
through (x;, y,) its equation is 


sary ... (20.15) 





2 
a 
OW = Fm) 
YO XT MM 


Example J. Find the equation of the tangent and normal to the 
ellipse 3x? + 14y? = 138 at the point (—2, 3). 
The equation of the tangent is by (20.15) 
3x(—2) + 14y(3) = 138 
i.e. Ty —x = 23 
To find the equation of the normal, instead of finding “a” and 


“b” and using (20.16) we can proceed as follows: 
The slope of the tangent is +4, hence the slope of the normal is 


Since the normal also passes through the point (—2, 3) its equa- 
tion is 
(y — 3) = —7(x + 2) 
or yt7x+11=0 


20.8. THE POINTS OF INTERSECTION OF THE LINE 
y= mx +c AND THE ELLIPSE x?/a? + y?/b? = 1 


In order to find the points of intersection we solve the two 
equations simultaneously. Substituting y = mx +c in x?/a? + 
y?/b? = 1 we have 


x? (mx +)? 
Are 
or x*(a*m? + b?) + 2ema®x + ac? — B2)=0 ... .(20.17) 
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The discriminant of this quadratic is 
(2cma?)? — 4[a?(c? — b*)(a?m? + 6*)] or 4a7b2(b* + a?m? — c?) 


Thus the quadratic (20.17) has real, equal or complex roots according 
as c? is less than, equal to, or greater than b? + a?m?. 
If c? = a?m? + 5? the line is a tangent to the ellipse; thus the lines 


y=mx + J/(a’m? + b*) ... (20.18) 
always touch the ellipse. 


Example 1. Find the equations of the tangents to the ellipse 
x? + 2y? = 19 which are parallel to the line x + 6y = 5. 

Since the tangents are parallel to the line they have the same slope 
as the line, that is m = —%; hence by (20.18) the required equations | 
are 

y=—ext Jase + 5’) 


Rewriting the given equation of the ellipse in the form x?/19 + 
y?/42 = 1 we have that a® = 19, b? = 42. Hence the equations of the 
tangents are 

y= tet S19. de +P 
that is y= —be it 
i.e. 6y + x= +19 


Example 2. The pair of tangents from the point P to the ellipse 
x?/a? + y?/b? = 1 are always at right angles. Show that the locus 
of P is the circle x? + y? = a® + B?. 

The line y = mx + ./(a*m* + b?) is always a tangent to the given 
ellipse. This line passes through a point P(X, Y) if 


Y=mX + J/(@m? + 8°) 


Since X, Y, a, b are given this is a quadratic equation in m giving 
the slopes of the two tangents from P to the ellipse. This quadratic 
equation can be written in the form 


(Y — mx)? = am? + B 
i.e. m(X? — a®) — mMXY + (Y? — b*%) =0 


The two tangents are at right angles if their slopes are m and 

—l/m, that is if the product of their slopes is —1. Thus for 

perpendicular tangents the product of the roots of this equation 
2 2 


must be —1. Hence =——, = —1 is the required condition or 
X*—a 
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X?4 Y?= a? + b* which is the condition for the point P(X, Y) to 
lie on the circle x? + y? = a? + 5, which is known as the director 
circle of the ellipse. 


Exercises 20f 


Find the equations of the tangents and normals to the following 
ellipses at the points stated: 

1. 3x? + 2y? = 30, (2, 3) 

2. 4x? + Sy? = 24, (1, 2) 

3. a*x? + b*y? = 2a*b*, (—b, a) 

Write down the equations of the tangents to the following 
ellipses, with the given gradients: 

4, x?/3 + y?/2 = 1, gradient 2 

5. x® + 2y* = 8, gradient 2 

6. 4x? + Sy? = 20, gradient 3 

7. Show that the pair of tangents from the point (3, 4) to the 
ellipse x?/16 + y?/9 == 1 are at right angles. 

8. The normals to the ellipse x? + 4y?= 100 at the points 
A(6, 4) and B(8, 3) meet at N. If P is the midpoint of AB and O 
is the origin show that OP is perpendicular to ON. 

9. Show that the slopes of the tangents from the point (h, k) to 
the ellipse x*/a? + y?/b? = 1 are given by the quadratic equation 


m*(h? — a) — 2mhk + (k? — b?) =0 (see Example 2). 


By considering the condition for these roots to be complex show that 
(h, k) lies inside the ellipse if h?/a® + k?/b? — 1 is less than zero. 

10. Find the locus of a point P which moves so that the sum of 
its distances from two fixed points A and B 8 units apart is always 
14 units. Take AB and its perpendicular bisector as the axes of x 
and y respectively. 


20.9. THE PARAMETRIC EQUATIONS OF AN ELLIPSE 


For all values of 6 the equation x?/a*+ y?/b? = 1 is always 
satisfied by 
x=acos#, y=bsiné ++ (20.19) 


These are the parametric equations of the ellipse. (a cos 9, b sin 6) 
can be used as a general point on the ellipse x?/a? + y?/b? = 1. 


Example 1. Find the equations of the tangent and normal at any 
point on the ellipse x?/a? + y?/b? = 1. 
Any point on the ellipse is (acos 6, b sin 6). Hence by (20.15) 
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the equation of the tangent is 
xa cos 6 b sin 8 
y KS 


a b? : 
ee xcos@ , ysin® 
a b 


The slope of the tangent is —b/a cot 9, hence the slope of the normal 
is a/b tan 0 and the equation of the normal is 


(y — bsin 6) = a/b tan 0 (x — acos 8) 
or by cos 6 — b* sin 6 cos 6 = ax sin 6 — a? sin 8 cos 0 
that is by cos 6 — ax sin 6 = (b? — a*) sin 0 cos 6 
20.10. GEOMETRICAL INTERPRETATION 
OF THE PARAMETER 6 


Consider Figure 20.10. ABA‘B’ is the ellipse x?/a? + y?/b? = 1 
and on AA’ as diameter a circle has been drawn. The equation of 





Figure 20.10 


the circle is x? + y* = a? and it is known as the auxiliary circle of 
the ellipse. 

Let the ordinate NP meet the auxiliary circle at Q. On comparing 
the equations of the circle and the ellipse it can be seen that NP = 
blaNQ. Hence if ZQON = 8, since the radius OQ is equal to a, 


peau 
a 
if NP = bsin 0 
and ON = acos @ 


Hence if P is the point (a cos 9, b sin 6) the parameter 6 is the angle 
QON, the eccentric angle. 
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Example 1. Show that if P and P’ have parameters 6 and 7 + 6 
the chord PP’ passes through the centre of the ellipse. 





Figure 20.11 


If Q,Q’ are the points on the auxiliary circle corresponding to 
P, P’ it can be seen from Figure 20.11] that Q, Q’ are opposite ends 
of a diameter. It is clear from the symmetry of the figure that PP’ 
also passes through the centre. 

Alternatively P is the point (acos 6,bsin 6) and P’ the point 
[a cos (7 + 0), b sin (a7 + 6)] i.e. (—acos 0, —b sin 6). 

The slope of OP is 

bsin®d bb 
acos@ a 


tan 6 


and the slope of OP’ is 


_ absin@ baa 
a 


acos 0 
Hence POP’ is a straight line. 


Example 2. If S and S’ are the foci of an ellipse and P any point on 
its circumference show that SP + PS’ = 2a, where 2a is the length 
of the major axis. 

Let the equation of the ellipse be x?/a? + y?/b? = 1. 

Any point P on it has co-ordinates (a cos 6, b sin 8) and the foci 
are S(—ae, 0), S’(ae, 0). Hence 


SP? = (a cos 6 + ae)? + b* sin? 6 
= a* cos* 6 + 2ae cos 8 + a®e? + a*(1 — e?) sin? 6 
== a*(cos? 6 + sin? 6) + 2a®e cos 6 + a%e*(1 — sin? 6) 
== a® + 2a’e ces 6 + a®e® cos? 6 
= a*(1 + ecos 6)? 
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Hence SP = a(l + ecos 6) ...-(20.20) 
Similarly S’P = a(1 — ecos 6) ++ .(20.21) 
whence SP + S’P = 2a ... (20.22) 





Figure 20.12 


Example 3. If PG is the normal at P. Show that PG bisects the 
angle SPS’ where S, S’ are the foci (see Figure 20.12). 
Let P be the point (acos 6,bsin 6). By equation (20.16) the 
equation of PG is 
y—bsinO x—acos# 


b sin 6/b” a cos 6/a? 


£085 (y — b sin 0) = 28 (x — a cos 6) 





i.e. 
a 


This meets the x-axis where y = 0 that is 


_ bcos @sin@ _ sind 


(x — acos 0) 





a bt 
b? cos 6 
— —— =x—acos8 
a 
2. 2 
ne f cosO=x 
ae’cos6 =x [since b® = a1 — e )] 
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Referring to Figure 20.12 
SG = ae* cos 8 + ae 
S’G = ae — ae* cos 8 
SG 1+ecos 6 SP 
S'G 1—ecos@ S’P 
PG is the internal bisector of the angle SPS’. 


Hence [from (20.20), (20.21)] 


Exercises 20g 


1. Find the equation of the tangent at any point (a cos 6, b sin 6) 
on an ellipse x?/a? + y?/b? == 1. Hence show that the equation of the 
normal can be written in the form aca Py = a? — b, 

cos@ sin 8 

2. Show that the equation of the line joining two points whose 
eccentric angles are @ and ¢ is given by x/acos }(6 + 4) + 
y/b sin (0 + 4) = cos $(0 — ¢). Deduce the equation of the tan- 
gent at the point 0. 

3. PG, PN and PT are respectively the normal, the ordinate and 
the tangent at P any point on an ellipse. Also if G, N, T are the 
points where they cut the major axis prove that (i) ON .OT = OA? 
and (ii) OG = e?ON (0 is the origin). 

4. Q(—asin 6, bcos 6) and Q'(asin 6, —bcos 0) are any two 
points on an ellipse x?/a? + y?/b? = 1. Show that QQ’ passes through 
the origin. 

5. Show that the tangents to the ellipse x?/a? + y?/b? = 1 at 
points whose eccentric angles differ by 90° meet on the ellipse 
x?/a® + y?/b? = 2. 


Exercises 20h 


1. Find the equation of the tangent to the ellipse 4x? + 9y? = 72 
at the point (3, 2). Also find the equations of the tangent perpendicu- 
lar to this one. 

2. The tangent at the point 0 to the curve x =acos@, y= 
b sin 6 meets the x-axis at A and the y-axis at B. If O is the origin 
find the minimum area of triangle AOB. 

3. In the preceding question find the locus of the midpoint of AB. 

4, Plot the points on the curve given by the equations x = cost, 
y = cos 2t for the values 0°, 30°, 60°... 180° of t and sketch the 
curve. 

Prove that the distance of any point of the curve from the point 
(0, —Z) is the same as its distance from the line y = —. (L.U.) 
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5. Show that, for every value of 4, the point P(acos ¢, b sin d) 
lies on the ellipse x*/a? +- y?/b®? = 1. Obtain the equation of the 
tangent at P in the form x/acos ¢ + y/bsin¢ = 1. 

If the tangent at P meets the axes in TT! and the diameter through 
P meets the ellipse again at P! show that 
tan TP!T? = 2 OT. OT#/(a? + 5? ++ OP?) — (O being the origin). 

(W.J.C.) 

6. (a) Find the equations of the tangents of gradient } to the 
ellipse x? + 6y? = 15. 

(5) If the normal at a variable point P on the ellipse x?/a? + 
y?/b? = 1 meets the x-axis in Q show that the locus of the midpoint 
of PQ is an ellipse concentric with the given ellipse. Find the 
eccentricity of this ellipse if that of the given ellipse is 4. 

(J.M.B.) 

7. Show that the equation of the tangent to the ellipse x?/a? +- 
y?/b? = | at the point P(a cos 6, b sin 0) is x/acos 6 + y/bsin 6 = 1. 

If RR! are the feet of the perpendiculars from the foci S, S! on 
to the tangent at P, prove that SR . S'R! = b®. Show also that 

RR a 
SSt  /(a’ + B® cot” 6) 

8. The tangent and normal at the point P(a cos 6, 6 sin 0) on the 
ellipse x?/a® + y?/b? = 1 meet the axis of x at (x,,0) and (x2, 0) 
respectively. If @ is small show that x, = a + 4a6? approximately. 
Find a similar approximation for x2. (J.M.B., part) 

9. A perpendicular is drawn, from the point (0, —d) on the 
ellipse x?/a? + y?/b2 = 1, to the tangent at any point P(acos 6, 
bsin 6) on the same ellipse. Write down an expression for the 
length of this perpendicular, and prove that the length hasa stationary 
value when P is at either end of the minor axis, but has no other 
stationary value unless 2b? < a?. (L.U.) 

10. Find the equation of the normal to the ellipse x?/a? + 
y?/b? = 1 at the point P whose eccentric angle is 0. 

The tangent and normal at P cuts the y-axis at T and G respectively. 
Prove that the circle on TG as diameter passes through the foci. 
Find the centre and radius of this circle. (S.U.J.B.) 


(J.M.B.) 


20.11. THE HYPERBOLA (e > 1) 


We obtain the simplest equation of the hyperbola in a similar 
manner to that used in (20.6) to obtain the equation of the ellipse. 
Referring to Figure 20.13, S is the focus, ZQ the directrix, P(x, y) 
any point on the curve and PM is perpendicular to ZQ. 


443 


PARABOLA, ELLIPSE, HYPERBOLA, AND SEMI-CUBICAL PARABOLA 


SZS’ is perpendicular to the directrix ZQ. A and A’ are the 
points dividing SZ internally and externally in the ratio e:1. Thus 
A, A’ are points on the hyperbola. O is the midpoint of AA’ and 
the axes are as shown in Figure 20.13, Let AA’ = 2a. 

Following the method used for the ellipse OS = ae, OZ = ale; 
thus S is the point (—ae, 0) and ZQ is the line x = —a/e. 





Figure 20.13 


PS = ePM 
(x + ae)? + y? = eX(x + afey 
x? + 2aex + a®e® + y® = ex? + 2aex + a? 
a(e — 1) = xe? — 1) — ? 











thus Lt rere, 
a ae? — 1) 


and writing b? = a*(e* — 1) the equation becomes 
~_Y_ .. + (20.23) 
a 


To trace the hyperbola we note that only even powers of x and y 
occur in the equation. Hence the curve is symmetrical about both 
axes. Also by this symmetry there is a second focus S’(ae, 0) and a 
second directrix x = a/e. 

Further, since the equation can be rewritten y?/b? = x?/a? — 1 
and the left hand side is always positive, x?/a” — 1 must be positive, 
hence there is no part of the curve for values of x between -+a and 
a. On the other hand since x?/a? = 1 + y*/b?, y can have all 
values. 

To summarize, the curve 


THE HYPERBOLA (e > 1) 
is a hyperbola of eccentricity e (>1) given by the equation 
b? = a*%(e? — 1) ....(20.24) 


The foci are the points (-Lae, 0) the directrices the lines x = +a/e; 
AA’ = 2a is the transverse axis and O is the centre. The chord 
LS’L’ through S’ perpendicular to the major axis is the latus 
rectum. 


Example 1. Find (i) the eccentricity (ii) the co-ordinates of the foci 
Se the equations of the directrices of the hyperbola x?/9 — y?/16 = 


Wi) Comparing the equation with (20.23) we have that a? = 9, 
b? = 16. Substituting in (20.24) we have 


16 = 9(e? — 1) 
25 = 9e 
3=e 


O) The co-ordinates of the foci are (--ae, 0), thatis(+5 x $,0) or 
(43%, 0). 

(iii) The equations of the directrices are x = -ta/e, that is 
x= +3. 


Example 2. Show that the length of the latus rectum of the hyper- 
bola x?/a® — y?/b? = 1 is 2b?/a. 

Referring to Figure 20.13 since LS’ is the value of y when x = ae 
and from the equation of the hyperbola 


22 
then LS’ = » | (#2 = i) 
a 


= b,/(e? — 1) 
From equation (20.24) eS ae — ae = b/a hence 
= Ja 
latus rectum LS’L’ = ae .. + (20.25) 
Exercises 20i 


Find (i) the eccentricities (ii) the co-ordinates of the foci (iii) the 
equation of the directrices and (iv) sketch the hyperbolae. 
1. x2/4 — y?/23 = 1 2. y?/9 — 7/7 = 1 
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3. x2/4 — 4y?/33 = 1 4. 56x” — 25y? = 1400 

5. y3/2—x? = 1 6. x2 ~ y? = 25 

7, Find the length of the latus rectum of the hyperbola x?/9 — 
y?/7 = 1. Hence find the co-ordinates of the four points in which the 
latera recta meet the hyperbola. Verify that these co-ordinates 
satisfy the equation of the hyperbola. 

8. The foci of a hyperbola are the points (-L7,0). Find the 
equation of the curve if e = $. If the eccentricity is unaltered but 
the foci are the points (0, -++7), what is the equation? 

9. The centre of a hyperbola is at the origin and its transverse axis 
lies along the x-axis. Find the equation of the hyperbola if it passes 
through the points (6, +s) and (—5, 0). 

10. Referring to Figure 20.13 show that PS = ex + a and that 
PS’ = ex — a. Hence prove that the difference of the focal distances 
is constant and equal to the length of the transverse axis. (Hint: 
PS = ePM and PS’ = ePM’.) 


20.12, PROPERTIES OF THE HYPERBOLA 
x*/a? — y*/b? =] 
Many of the results for the hyperbola can be obtained from the 
corresponding results for the ellipse by writing —b? in place of 5. 
(a) The equation of the tangent at the point (x,, y) is 


Xx. YY1 
a gee ... (20.26) 
(6) The equation of the normal at the point (x,, y,) is 
YOM XT 
= we. (20.27 
y,/—b* x,/a” 
(c) Theline y = mx + c meets the hyperbola in real, or coincident 
points or not at all, according as c? is greater than, equal to or less 
than a?m? — b?. 
(d) The lines 


y = mx + ./(a’*m* — 6?) always touch the hyperbola... .(20.28) 








20.13. PARAMETRIC EQUATIONS OF THE HYPER- 
BOLA x?/a? — y?/b? = 1 


The most usual forms of the parametric equations are 
x=asec0, y=btand «+. .(20.29) 


(see also Exercise 5, Exercises 20j.) 
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Example 1. Find the equations of the tangent and normal at any 
point on the hyperbola x?/a? — y*/b? = 1. 
Any point on the hyperbola is (asec 0,btan 6). Hence by 
(20.26) the equation of the tangent is 


xasecO  ybtan@ _ 





a b? : 

that is ~ sec 6 — * tan 6=1 .. (20.30) 
a 
bsecO b 

The slope of this tangent is — se or———. Hence the equation 

of the normal is atan@ asin @ 

(y — b tan 6) = —asin® (we — asec 6) 
which reduces to 

ax sin 0 + by = (a* + b*) tan 6 ....(20.31) 


Example 2, P is any point on a hyperbola centre C. The normal at 
P meets the major axis at G and the ordinate at P meets the major axis 
at N. Prove that CG = e?CN. 





(a sec 6,6 tan 6) 


Figure 20.14 


Let P be the point (a sec 0, b tan 6). CN is the abscissa of P and 
therefore CN = asec 6 wei) 
From (20.31) the equation of PG is 

ax sin 6 + by = (a? + 5°) tan 6 
G lies on the x-axis (y = 0) and therefore its abscissa is given by 
ax sin 0 = (a® + b*) tan 0 
_ a? +B tan 6 


CG - 
a sin 0 


2 2 
= St? sec ... (ii) 
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From (i) and (ii) 
CG _ a®+ b? 
CN a 
2 27 2 
= FETE A) sce (20.24)] 
a 
= e" 
CG = e*CN 


Example 3. If P is any point on a hyperbola whose foci are S and 
S1, prove that S'P — SP is constant. 
Let P be the point (asec 6, tan 0) on the hyperbola x?/a? — 
y/o? = 1. 
The foci S} and S are the points (—ae, 0) and (ae, 0) respectively. 
Thus 
SP? = (asec 6 — ae)? + b* tan? 6 
= a* sec? 6 — 2a*e sec 6 + ate? + a®(e? — 1)(sec? 8 — 1) 
= a® sec? 6 —- 2a%e sec 6 + a®e* + ae? sec? 0 — a® sec? 0 
duet, ae? + a 
= a® — 2a’e sec 0 + ae? sec? 6 
a’(e sec 6 — 1)? 
SP = a(e sec 6— 1) 


I 


(Since e > 1 and sec 6 > 1, this cannot be 1 — e sec 6.) Similarly 
S'P = a(e sec 6 + 1) 
S1P — SP = 2a 
Exercises 20] 
1, Find the equations of the tangent and normal to the hyperbola. 
9x* — 4y? = 36 at the point (4, 3/3). 
2. Show that the equation of the chord joining the points (a sec 0, 


b tan 0) and (asec 4, btan ¢) on the hyperbola x*/a? — y®/b? == 1 
is 


x 1 y. i 1 
—cos—(8 — ¢) —=sin-=(0 = cos-— (0 
oon ¢) aa eat + ¢) oO + ¢) 
Deduce the equation of the tangent at the point (asec 6, b tan 6). 
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3. Show that the two tangents to the hyperbola x7/4 — y? = 1 
which are parallel to the line y = 2x — 3 are a distance 2,/3 apart. 

4. Find the condition for the line x + my =n to touch the 
hyperbola x?/a?— y/b2 = 1. By writing +5? in place of —b? 
deduce the condition for the same line to meet the ellipse x?/a? + 
y?/b? = 1. 

5. Show that the point 


a +2). 30-2) 


always lies on the hyperbola x?/a? — y?/b? = 1 for all values of ¢. 
Derive the equation of the tangent at this point. 

6. Pis any point on a hyperbola whose foci are S, S’. The tangent 
and normal at P meet the axis of the hyperbola at T and N respec- 
tively. Prove that PT, PN are the internal and external bisectors of 
the angle SPS’. 

7. The pair of tangents from the point P to the hyperbola x?/a? — 
y?/b? = 1 are always at right angles. Show that the locus of P is the 
circle x? + y? = a? — 5? (the director circle). (Hint: refer to 
section 20.8 Example 2.) 

8. Show that the eccentricities e, and e, of the hyperbolas x?/a? — 
y/b?=1 and —x*/a?+ y*/b?=1 satisfy the relation 1/e} + 
L/e2 = 1. 

9. The tangent and ordinate at the point P on the hyperbola 
x?/a* — y?/b® = 1 meet the x-axis at T and N respectively. If Cis 
the centre of the hyperbola, show that CT .CN = a’. 

10. Find the equations and the points of contact of the tangents 
to the hyperbola 2x? — 3y = 5 which are parallel to 8x = 9y. 


20.14. ASYMPTOTES OF THE HYPERBOLA 
x*/a? — y®/b? = 1 
The definition of an asymptote is that it is a straight line which 
meets a curve in two points at infinity, but which is not altogether 
at infinity. 
The abscissae of the points of intersection of the line y = mx + ¢ 
and the hyperbola x?/a? — y?/b? = 1 are given by the equation 


x? (mx +c)? _ 1 
i 
or rearranged as a quadratic in 1/x 


a'(c? + b*)& + 2a%me~ + (a’m® — bY) = 0... .(20.32) 
x x 
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This equation has two zero roots if both 2a?mc = 0 and a®m? — 
b? = 0, that is, if m = +5/a and c = 0, the line y = mx + c meets 
the hyperbola in two points such that 1/x =0. If l/x =0, x is 
infinite, and thus 


pile sane Pees .. . (20.33) 
a a 


both meet the curve in two points at infinity and are thus the 
asymptotes. 

The lines both pass through the origin and are equally inclined to 
the x-axis at angles +-tan™ b/a. Their combined equation is 


ie. —2 0 . s+ (20.34) 





Figure 20.15 


The lines are shown in Figure 20.15 as LOL’ and KOK’. 


Example 1. Show that any straight line parallel to an asymptote 
will meet the curve in one point at infinity and one finite point. Any 
line parallel to an asymptote has the equation 


yosextk (k #0), 


that is, its slope m = +b/a. 
Hence from equation (20.32) the abscissae of the points of inter- 
section of the line with the hyperbola are given by 


b 


A b 
a 


a*(k? + b*) = +20"( 4 )e! +0=0 
x x 
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ASYMPTOTES OF THE HYPERBOLA x?/a? — y#/b? = 1 
The roots of this equation are 


1 1 2bk 

-=0 and - =F — 

x x a(k? + b?) 

that is one value of x is infinite, and since k = 0, the other is finite. 


Example 2. P is any point on the hyperbola x?/a? — y?/b? = 1 and 
the tangent at P meets the asymptotes in A and B. Show that P is 
the midpoint of AB. 

Let P be the point (asec 6, b tan 6). The tangent at P is [see 
equation (20.26)] 


~ sec —~* tand=1 ... (i) 
a b 


The combined equation of the asymptotes is 


ary teak ei) 
: b {x 
From (i) y= (2 sec 9 — 1) 
tan 0\a 


Substituting (ii) 
x? a alX 2 
— — cot 0(® seo 0 — 1) = 0 
a a 


2 
that is ~ (1 — cosec? 6) + eo cot” @ sec 6 — cot? @ = 0 
a a 


2 
or — ~ cot? 4 Scotti sec 6 cote a0 
a a 
2 
that is xX sccG +1=0 
a a 


which is a quadratic in x whose roots x,, x, are the abscissae of the 


points A and B. Now 
vy tg = 2808 ft 
ala 


= 2a sec 0 
that is 3(x, + x2.) = a sec 0 


which is the abscissa of the point P. 
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Similarly if x is eliminated from (i) and (ii) half the sum of the 
ordinates of A and B is equal to the ordinate of the point P. Hence 
P is the midpoint of AB. 


20.15. THE RECTANGULAR HYPERBOLA 


If the asymptotes of a hyperbola are at right angles it is known as 
a rectangular hyperbola. The asymptotes will each be inclined at 
45° to the x-axis. Hence from equations (20.33) 


Bi 
a 


and the equation of the hyperbola can be written 


xy 
a a 
x— y= a? ... (20.35) 


Example 1. Show that the eccentricity of any rectangular hyperbola 
is /2. Any rectangular hyperbola has the equation 
2 2 
Me ee 
a a : 
Hence from equation (20.24) 


x 


whence e=,/2 


20.16. THE EQUATION OF A RECTANGULAR 
HYPERBOLA REFERRED TO ITS 
ASYMPTOTES AS AXES 


Referring to Figure 20.16, P(x, y) is any point on the curve. PM 
is perpendicular to the asymptote OK. MQ and PN are perpendic- 
ular to the x-axis. If the co-ordinates of P referred to the asymptotes 
as axes are (XY, Y) then 


OM = X, and PM = Y. 





Now ON = 0Q + QN 
= OM cos 45° + PM cos 45° 
thatis Oye Samet) eeactis 
2 
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Also NP = PM sin 45° — OM sin 45° 
that is poe, ete) asi) 
2 
Since the hyperbola is rectangular its equation is 
e—y=a ...- (iii) 


Substituting from (i) and (ii) in (iii) we have 
(KX+¥F Y=X¥_ 
2 2 
or 2XY=a* 








Figure 20.16 


Hence the equation of a rectangular hyperbola referred to its 
asymptotes as axes is 


xy=c ... (20.36) 


20.17. PARAMETRIC EQUATIONS OF xy = ¢? 
The equation xy = c? is always satisfied if 
x=ct, ya ..» (20.37) 


where ¢ is a parameter. These are the parametric equations. 
(ct, c/t) is any point on the curve, as ¢ varies. 
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20.18. THE TANGENT AND NORMAL AT THE 
POINT (ct, c/t) ON THE CURVE xy = c? 


If xy=e 
a 
ae 
dy _ _¢ 
dx x? | 
the gradient of the tangent at (ct,c/t) is —c?/c?t? = —1/t?, | 


Hence the equation of the tangent is 


(-)--he-o 


t 
or f'y +x = 2et ... (20.38) 
The equation of the normal is 


(> ~ ‘) = 1°(x — ct) 


or ty - Px =c—ct* .. (20.39) 


Example 1. Show that the equation of the tangent at the point 
(%1, 1) to the curve xy = c? can be written x,y + xy, = 2c’. Verify 
that this agrees with equation (20.38). From 


xy= 
dy_ _ 
dx x? 


Hence at the point (x,, y,) the slope of the tangent is —c#/x? and its 
equation is 


lil 
(y—y) = =e — X). 
4 
Since the point lies on the curve, c? = x,y, 
4 
oF MY + VX = 2x1), 
that is Xyy + yx = 2c? 
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To verify that this agrees with equation (20.38) let x; = ct, and 
yi = c/t then 


cty +5 x= 28 


that is ty +ix=2e 


or Py +x=2ct asin (20.38) 


Example 2. Find the co-ordinates of the vertices and the foci of 
the curve xy = 18. 
Comparing the given equation with xy = 4a? it follows that 


y 


Figure 20.17 


a=6. Referring to Figure 20.17 we have OA = OA’ = 6. Also 
since the hyperbola is rectangular e = ,/2. Hence OS = OS’ = 
ae = 6,/2. Because SAOA’S’ is inclined at 45° to the axes it follows 
that A, A’ are the points (+3,/2, +3,/2) and §S, S’ are the points 
(+6, +6). 


Exercises 20k 

1. Find the equations of the asymptotes and the co-ordinates of 
the vertices of the hyperbolae (i) x*/9 — y?/4 = 1 and (ii) —x*/9 + 
y*/4 = 1 and sketch the two curves on the same diagram. 

2. For what values of m does the line y = mx meet the hyperbola 
x?/a? — y?/b? = 1 in real and finite points? 

3. Find the cartesian form of the equations of the following loci 
and sketch the curves. 


()x=4ny=5 


Gi) x=ty=— 


om ie 
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(iii) ese ar Ia 


(io) x= 28-1 y= 241 


4. Find the equations of the tangents and normal at the point 
(4, 1) on the curve xy = 4. 

5. Show that the equation of the line joining the points P(t, 1/t) 
and Q(u, 1/u) on the rectangular hyperbola xy = 1 is x + tuy = 
t-+ u. Deduce the equation of the tangent at P. 

6. Find the equations of the tangents to the rectangular hyperbolae 
x? — y® = 3, xy = 2 at their points of intersection. Hence show that 
the curves cut at right angles. 

7. Show that the normal to the hyperbola xy = c? at the point 
(cp, c/p) cuts the hyperbola again at the point (—c/p®, —cp%). 

8. Show that the tangents to the rectangular hyperbola x = ct, 
y =c/t at the points with parameters t, and ¢, meet at the point 


tyls c 

ee Jy avers x = 2¢ ple Ae If t, = 1/t, find the 

9. Find the equation of the tangents to the hyperbola x? — y? = 7 
which are parallel to 3y = 4x and find their points of contact. Find 
the area of the triangle which one of these tangents makes with the 
asymptotes. 

10, Prove that the straight line /x + my = n touches the rectan- 
gular hyperbola xy = c*, if n® = 4/mc*. Find the co-ordinates of the 
point of contact. 





Exercises 201 

1. Find the locus of the midpoint of a straight line which moves so 
that it always cuts off a constant area k* from the corner of a square. 

2. If A, A? are the vertices and P is any point on a rectangular 
hyperbola, show that the internal and external bisectors of the angle 
APA? are parallel to the asymptotes. 

3. Show that if the line y = mx + cis a tangent to the rectangular 
hyperbola x? — y* = a® then c? = a®(m? — 1) and the co-ordinates 
of the point of contact T are (—ma?/c, —a?/c). 

If the line meets the asymptotes at P, Q, show that T is the mid- 


point of PQ. 
If the normal through T meets the principal axes of the hyperbola 
in R, S, show that T is also the midpoint of RS. (J.M.B.) 


4. Show that the equation of the chord joining the points 


P(cp, c/p) Q(cq, c/g) on the curve xy = c? is Pay +x=c—p+q). 
Hence or otherwise find the equation of the tangent at P. 
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Find the co-ordinates of the point of intersection T of the tangents 
at P, Q. If p and q vary so that the chord PQ passes through the 
point (a, 0), find the equation of the locus of T. (J.M.B.) 

5. Sketch on the same diagram the hyperbola x? — y? = 4 and the 
circle x? + y? = 9. Indicate on a diagram the portion of the plane 
where 

(i) x*— y?—4> Oand x*+ y?-9<0 

(ii) x**»-— y?—-4<0andx?+y—9>0 

6. A, B are the points (a, 0), (—a, 0) and P is a point such that 
PA = PB + 5b where b is constant (0 < b < 2a). Prove that the 
locus of P is one branch of an hyperbola and find the eccentricity and 
the length of the major axis of this hyperbola. (W.J.C.) 

7. Prove that the equation of the normal to the rectangular 
hyperbola xy = c? at the point (ct, ¢/t) is xt? — yt = c(t* — 1). 

Four normals to the curve from a point meet the curve at P, Q, R, 
S. Prove that the pairs of lines PQ, RS; PR, QS; PS, QR are such 
that the lines in each pair are perpendicular to each other. 

(S.U.J.B.) 

8. Verify that the point (1 + 31, 3 + 3/t) lies on the curve xy — 
3x — y — 6 = 0 for all values of the parameter f, and prove that the 
equation of the tangent to this curve at the point defined by ¢ is 
x + fy = 3¢2 + 6t+ 1. 

Deduce that the tangent to this curve forms with the lines x = 1 
and y = 3 a triangle whose area is constant. 

Two tangents to this curve intersect at the point (3, —5). Find the 
angle between these tangents. (L.U.) 

9. Show that if the line y= mx-+c touches the hyperbola 
x? — 3y? = 1, then 3m? = 3c? + 1. 

Obtain an equation for the gradients of the two tangents to the 
hyperbola from the point P(x», yo). Show that if these tangents are 
perpendicular then P lies on the circle x? + y? = §. (J.M.B.) 

10. Find the equation of the normal at the point (ct, ct“) on the 
rectangular hyperbola xy = c?. 

The normal at the point P on xy =c? meets the hyperbola 
x? — y? =a? at Q and R. Prove that P is the midpoint of QR. 
Interpret this result geometrically when P is a point of intersection 
of the two curves. (J.M.B.) 


20.19. THE SEMI-CUBICAL PARABOLA jy? = kx° 


If k > 0 then since y? is positive, x? (that is x) must be positive. 
The curve lies wholly to the right of the y-axis. 

The equation may be written y = Lee) which shows that the 
curve is symmetrical about the x-axis. 
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Differentiating the equation y = +,/(kx*) 
d 


y 3 3/2. 1/2 
—=4+-k"'x ... (20.39 
re + 5 (20.39) 


Thus dy/dx = 0 only when x = 0, when the tangent to the curve is 
horizontal and is the x-axis. Finally x = 0, y = 0 is a point on the 
curve which is shown in Figure 20.18. 


y 


Figure 20.18 


If k < 0 then the curve lines wholly to the left of the y-axis and is 
the mirror image in the y-axis of the above curve. 


20.20. THE TANGENT AND NORMAL TO THE CURVE 


y? = kx 
From equation (20.39) the slope of the curve is given by 
dy 3 1/2,1/2 
—=4+-k"x 
dx 2 
: iy ? pe J 
Since aie kM = aR 
and the above expression can be written 
dy ae ....(20.40) 
dx 2x 


Note that the ““-”’ is now omitted. This is because for any value of 
x there are two values of y and thus two possible values for the slope 
of the curve or the tangent. 

At any point (x1, y,) the equation of the tangent is 


3 
(y — vy) aa — *) 
which on simplifying becomes * 


2xyy — 3yyx + Hy, = 0 ... (20.41) 
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The equation of the normal is 


(== +Sece 
3y 


1 


os 3y,y + 2xyx — 2x? — 3y? = 0 ... (20.42) 


Example 1. The tangent at any point P on the curve y? = kx$ 
meets the x-axis at T. The ordinate at P meets the x-axis at N. If 
O is the origin show that OT = JON. 
From (20.41) the equation of the tangent at any point P(x, y:) 
on the curve is 
2xyy — 3X + X= 0 


This meets the x-axis where 
—3y,x + x1 = 0 
or x = 4x, 


Hence the abscissa of the point T is $x,. 
Since PN is an ordinate, N is the point (x,, 0) hence 


OT = }0N 


20.21. PARAMETRIC EQUATIONS 


x =at*®, y = bf is, for all values of ¢, a point on the curve 
y?/b? = x8/a®, Therefore y? = (67/a®)x* has parametric equations 


x=at, y= dt .« (20.43) 
Substituting in (20.41) and (20.42) respectively we have that 
2at®?y — 3bt®x + abt® = 0 
or 2ay — 3btx + abi? = 0 + -(20.44) 
is a tangent to x = at®, y = bf? for all values of ¢. Similarly 
3bty + 2at®x — 2a*tt — 3b*t8 = 0 
or 3bty + 2ax — 2a*t? — 35714 = 0 ..« (20.45) 


is a normal for all values of ¢. 


Example 1. Three tangents can be drawn from the point (7, 6) to 
the curve x = 3#, y = 22%. One of the tangents touches the curve 
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at the point where t = 2. Find the equations of the tangents and their 
points of contact. 
Comparing x = 317, y = 2t8 with the general case we have that 
a= 3,b = 2; hence from equation (20.44) 
6y — 61x + 678 = 0 
or y—tx+8=0 ...-(i) 
is always a tangent to the curve. This passes through the point 
(7, 6) if 
6—7t+08=0 +a (ii) 


which is a cubic in ¢ giving three values. One of the values is given 
as t = 2; hence (ii) becomes 


(t — 2)(t? + 2 — 3) = 0 
or (t —2)¢ + 3)t¢-— 1) =0 


Hence equation (i) is a tangent if ¢ = 2, —3 or 1, giving as the three 
tangents 


y—2x+8=0 
y+ 3x-—-27=0 
y-x+1=0 


Since x = 37%, y = 22%, the three points of contact are respectively 
(12, 16), (27, —54), (3, 2). 


Exercises 20m 


1. Sketch on the same diagram the curves (i) y? = x’, (ii) y? = 
8x5, (iii) y? = —x>, (iv) By? = —x3. 

2. Sketch on the same diagram the curves (/) y? = x* (i) y? = 
— x3 (iii) y? = x8. Give the co-ordinates of any points of inter- 
section. 

3. Verify that the two curves x = 4T?, y = 37? and x = 12?’, 
y = #8 intersect at the point P where T = 3 = t. Find the equations 
of the tangents to the two curves at P. Hence find the angle of 
intersection. 

4. Show that the line y — 3x + 4 = 0 is a tangent to the curve 
y® = x* and also that it cuts it at the point (1, —1). Find the point 
of contact. 

5. Show that there are only two distinct tangents which may be 
drawn from the point (4, 16) to the curve x = #7, y = 243. Find 
their equations and points of contact. 
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6. Show that in general four normals can be drawn from a point 
P to the curve x = at*, y = bf’. 

Given that P is the point (0, 29) and that a = b = 1, show that 
two of the normals are real and two are “imaginary.” Find the 
equations of the real normals and their points of contact. 

7. P(at?, bt), and Q(at}, bt?) are two points on the curve y? = 
(b?/a)x*, Show that the equation of the chord PQ is 


“(4 + tt +1) FG + ty) = 1308. 


Deduce the equation of the tangent at the point P. 

8. P(3¢?, 213) and Q(372, 273) are two points on the curve y? = 
#¥x*. Find the co-ordinates of the point of intersection T of the 
tangents at P, Q. If t, + fg = 4 show that T lies on the line y + 
4x = 64. 

9, The normals to the curve y? = x? at the points (p?, p*), (¢*, q°) 
meet at N. Show that the co-ordinates of N(x, y) are given by 


3y=(p+Ql2 + 3—?+ 9) 
2x = —pq|2 + 3(p? + pq + 9°] 


If p + q = 1, find the locus of N. 

10. Show that the equation to the tangent to the curve x = 32, 
y = 28 at the point P(3p?, 2p’) is px — y = p*. If Q is the point 
(3q?, 2q°) find the co-ordinates of the point of intersection T of the 
tangents at P and Q. 

If the tangents at P and Q make angles 6 and 7/2 — 9 respectively 
with the x-axis, find the relation between p and q. Hence find the 
(x, y) equation of a curve on which T lies for all values of 0. 

Show in a sketch the given curve. Show in the same sketch the 
curve on which T lies, and indicate the part of this curve which is the 
locus of T as 6 varies. (J.M.B.) 

11. Sketch the semi-cubical parabola ay? = 34(x — 2a)*. Show 
that for all values of m the point P[a(3m? + 2), —2am'] lies on the 
curve. Also sketch on the same diagram the parabola y? = 4ax 
and show that for all values of m the point Q(am?, 2am) lies on the 
parabola. Prove that the line QP is a normal to the parabola at Q 
and also touches the semi-cubical parabola at P. If Q moves over the 
part of the parabola for which y > 0 indicate in your diagram the 
locus of P. 

12. Show that for all values of m the parabolas y? = m°(x — m) 
each touch the semi-cubical parabola y? = 4x* at one point. Find 
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the co-ordinates of this point and the equation of the common 
tangent in terms of m. 


EXERCISES 20 


1, Find the equation of the normal to the parabola y? = 4ax at 
the point (az, 2at). P, Q are two points on the parabola such that 
the chord PQ subtends a right angle at the vertex of the parabola. 
Find the locus of the point of intersection of the normals at P and Q. 

2. A circle with centre at the point (a, 0) and radius greater than a 
meets the parabola x = at?, y = 2at at the points P, Q. Prove that 
the tangents to the parabola at P and Q meet on the circle. (L.U.) 

3. AOB, COD are two straight lines which bisect one another at 
right angles. Show that the locus of a point which moves so that 
PA. PB = PC. PD is a rectangular hyperbola. 

4. Show that the equation to the tangent to the hyperbola 

x sec 





x?/a* — y?/b?7 = 1 at the point P(asec6,btan 6) is 
yuat = 1. Find also the equation of the normal. 

The ordinate at P meets an asymptote at Q. The tangent at P 
meets the same asymptote at R. The normal at P meets the x-axis 
at G. Prove that the angle RQG is a right angle. (J.M.B.) 

5. Show that the equation to the normal at the point P(acos 6, 
b sin 6) on the ellipse x?/a? +- y?/b? = 1 is ax/cos 6 — by/sin 6 = a? — 
b?, If the normal at P cuts the major and minor axes of the ellipse at 
G and H, show that as P moves on the ellipse the midpoint of GH 
describes another ellipse of the same eccentricity. (J.M.B.) 

6. The eccentricity of an ellipse is greater than 1/,/2 and the point 
P (acos 9, b sin 6) lies on the ellipse. Show that there is a value of 
6 between 0 and 7/2 such that the normal at P passes through one 
end of the minor axis. 

7. The tangents at two points P and Q on a parabola y? = 4ax 
intersect at T. The normals at P and Q intersect at N. If angle 
PTQ is a right angle prove that TN is parallel to the x-axis. 

8. Prove that the equation of the tangent at the point (at?, 2at) 
on the parabola y* = 4ax is x — ty + at? =0, and deduce, by 
considering the sum and product of the roots of this equation 
regarded as a quadratic in ¢, or otherwise, that the tangents at 
(at}, 2at,), (at}, 2at,) meet at the point given by x= att, y= 
a(t, + t,). PP! is a chord perpendicular to the axis of the parabola 
whose vertex is A, and Q is any other point on the curve. The 
tangents at P and Q meet at T and those at P! and Q at T!. PQ 
and PQ meet the axis at R and R! respectively. Prove that A is the 
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midpoint of RR? and that TR! and T!R are both perpendicular to 
the axis. 

9. The tangents at the two fixed points P, Q on a parabola 
intersect in T. If a variable tangent to the parabola intersects TP, 
TQ (produced if necessary) in R, S respectively, prove that TR: RP = 
SQ:TS. 

10. The point P(a sec ¢, b tan t) on the hyperbola x?/a? — y?/b? = 
1 is joined to the vertices A(a, 0), B(—a, 0). The lines AP, BP meet 
the asymptote ay = bx at Q, R respectively. Prove that the x co- 

1 
Pa Peete + se 7 and that the length of QR is independ- 
ent of the value of f. (J.M.B.) 

11. Show that a circle meets the parabola y? = 4ax in not more 
than four points. If three of these points coincide at P(at?, 2at) and 
the fourth is Q, prove that PQ and the tangent to the parabola at P 
make equal angles with the axis of the parabola. Show also that the 
centre of the circle lies on the curve 4(x — 2a)? = 27ay*. (L.U.) 

12. A circle concentric with an ellipse of semi-axes a, b encloses 
an equal area. Show that the area common to both is divided into 
four equal parts by the two common diameters, and that each part 
is equal to ab tan“ ,/(b/a). 

Show also that the curves intersect at the acute angle tan 
[/ (a/b) — /(b/a)). (W.J.C.) 

13. Obtain the equation of the normal to the parabola y? = 4ax 
at the point P(at®, 2at). 

The focal chord through P meets the parabola again at Q, and the 
normals at P and Q meet at R. Prove that R is the point 


fa? +1+t*), at—t)), 


and find the equation of this locus as ¢ varies. (S.U.J.B.) 

14, A, A? are the vertices of a rectangular hyperbola, and P is any 
point on the curve; show that the internal and external bisectors of 
the angle APA? are parallel to the asymptotes. 

15. Prove that every point on the parabola y? = 4ax can be 
expressed in the form (ay*, 2ay). 

A variable chord of the parabola has fixed length k. Prove that 
the locus of the midpoint of the chord has equation 


(4ax — y*)(y? + 4a”) = ka? (S.U.J.B.) 

16, Find the equation of the tangent to the parabola y? = 4ax 
at the point (at?, 2at). 

Three tangents to a parabola form a triangle ABC in which BC, 

CA and AB make acute angles «, 8 and y respectively with the 
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tangent at the vertex. If p,q andr are the lengths of the perpendiculars 
from the focus S to these tangents respectively, show that 

(a) pcosa=qceosh=rcosy =a 

(6) pSA = gSB = rSC 


2 2,2 
(c) SA.SB.SC=P4* (L.U,) 


a 

17. The points P(ap*, 2ap) and Q(agq?, 2aq) move on the parabola 
y® = 4ax, and p + q = 2. Show that the chord PQ makes a constant 
angle with the x-axis, and that the locus of the midpoint M of PQ is 
part of a line which is parallel to the x-axis. 

If also the point R(ar?, 2ar) moves so that p — r = 2, find in 
its simplest form the (x, y) equation of the locus of the midpoint N 
of PR. (J.M.B.) 

18. Show that the equation of the chord joining the points 
P(ap*, 2ap), Q(aq?, 2aq) of the parabola y? = 4ax is y(p +4) — 
2x — 2apq = 0. 

The variable chord PQ of the parabola y? = 4ax passes through 
the fixed point (h, k). If the tangents to the parabola at P and Q 
meet at T, show that T lies on a fixed straight line. (J.M.B.) 

19. Show that the equation of the common tangent other than the 
y-axis, of the curves y? = 4ax and xy = 2a* is 2y + x+ 4a =0. 

This common tangent touches the curves at P and Q respectively. 
R is the point of intersection of the curves. Find the acute angle 
between PR and QR. (L.U.) 

20. Prove that the line y = mx + ¢ touches the ellipse x?/a? + 
y?/b? = 1, if c? = a*m? + b?, Find in terms of m, a, b, the distance 
between the two tangents of slope m. If this distance is equal to the 
distance between the pair of tangents perpendicular to the first pair, 
show that it becomes ,/[2(a? + b*)]. An ellipse in which the semi 
axes a, b are in the ratio 3:2 touches the four sides of a square. 
Find the length of a side of the square in terms of a. 

**21, Prove that chords of a parabola which subtend a right angle 
at a fixed point P of the parabola all pass through a fixed point Q. 

If the position of P now varies on the parabola prove that the 
locus of Q is another parabola. (J.M.B.) 

**22. Given four points P, Q, R, S on the ellipse x?/a? + y?/b? = 1 
with eccentric angles «, 8, y, 6, respectively. If the equation of 
PQ is x/acos}(a + B) + y/b sin $(a + B) = cos (a — B) write 
down the equation of RS. Denoting the equations of PQ, RS by 
u == 0 and v = 0 respectively prove that the equation 


x? 


a 


y? 
+ 1+ ku =0 ... (A) 
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represents a curve of the second degree passing through the points 
P, Q, R, S. If the equation (A) represents a circle prove that « + 
B+ y+ 4d is either zero or a multiple of 27. 

**23. The eccentric angles of two points P, Q on the ellipse 
x?/a® + y?/b? = 1 are 6 and 6+ 7/2, and « is one of the angles 
between the tangents at P and Q. If e is the eccentricity of the 
ellipse prove that 


e* sin 20 tan « = 2,/(1 — e?) 


If the tangents at P and Q intersect at R, prove that the locus of R 
as 9 varies is an ellipse. (J.M.B.) 

**24, Find the equation of the locus of the point of intersection 
of two tangents to the parabola x = at®, y = 2at which meet at a 
constant angle 6. 

Show that the vertices of equilateral triangles circumscribed to the 
parabola lie on the curve y? = (3x + a)(x + 3a). 

**25. The line AB is a tangent to the parabola y? = 4ax. The 
intercepts on AB by the pair of tangents from a point P to the 
parabola and by another pair from another point Q are equal in 
length. Prove that the intercepts on any other tangent by the pairs 
of tangents drawn from P and Q are equal. 
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Exercises la 


1.4 2. 6653, —1653 3. —2,1 

4,9 5. 1, —2,-3,-6 6. +3, 44 

7. +44 8. 3 9. -1,2+ 3 
10. £1,1+ /2 


Exercises Ib 


lx=ly=1;x=?,y=aA 

2.x=1y=—-1; x=S5y=-9 

3.x=2,y=1; x=1ll,y=7 

4.x=+4+3,y= ¥1 

5.x = +3 jae glee jee 
, : /10’ /10 

11 4 
6.x=1t4,y=71; x tan ta 


Tx=tly=t2; x=4+2,y=+41 
8 x=3,yH1; x=1,y=3; 


54 J55 1 
ee 2(—5 + ./55) 
29 —25 
9x=S5,y=1;3 x=>—,y=— 
‘A gee sg 


10..x=4+1,y=+4;x=+4,y=41 
Exercises Ic 


1. SB <x<t 2.2<x<3 3.2<x<3 


3 
9 —5 3 
Se eS §.2<x<3 Ste oe 5 
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SOLUTIONS 


Le<x<2 8. —1, —5 9. 0, —2 
10..x>2 or x< —8 
1. —2<x< —1 


Exercises Id 
































1. (x —1)\(y—-1)=1 2. & — 3y—2P=1 
xy? 
3. x®y = y® — x? er eer aa 
8 a®—b?+2=0 9. b? — a® = 4c 
Exercises le 
1. 2 : a 2.x—1+ 3 — 2 
x—3 x+1 x+1l x-—-1 
Pa eae vs eee hee 
2x—1) 2x +5) x—-1 x+1 x+3 
5 Bett 2 rs eames | 
“x? 4+4 x41 “Deed, Phy ag 
1 x+1 1 1 2 
Te 2 —-_ +-# ——— 8. —_ — 
ed Tracy Gai! cit eo 
2 1 1 
6. ae _ 
el GD x+i1 
(he ee : 





rk GED 4D: 


Exercises If 
p}8/ 12 


1, 243, ==, 128, 5 23S 4, 4 
Exercises Ig 
1. 3, —3, 4, —5, 3,4, —6, —n 3. 1-386, 2-89 
Exercises lh 
1. 1-87 2. 1:64 3. 1:87, —5-11 4. 1,2 
5. 4,2 6. 0-431, 0-683 7.4 8. 2 


9. /3,9 10. x = 1-92, y = 0-66 


EXERCISES 1 


lx=3,y=2;x=$ y= 2.€a=2,b=3,c=2,d=1 
3. =P 4.2+4,/5 
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SOLUTIONS 


5. x = +4a, y= +a; x= 4 Biya 


3 3x +1 
6. —- > 
x—3 3x44 
— = 1 
8. 1, —2, itv 9. ea es eS 
2 3—y 1-y (1—y)? 
10.x>6,-6<x<-—2 Ili.x>1,-#<x<0 
12. 4,1,2 13. 1,5 
15. 27, ¥/3 16. —-4<x<43,x>3 
20. 6 ay, 3tv5, = 21 
2 2 
22. 4, 6 23. —0:358 


yee ae w= S04 /5),0= Sa FY) 25. 3, 11 
28. y< —5 or yo 30. 1 


32. x = 1:42, y = —0°58 . 
33.2<x<3,x>4. 34, —2 











= Pa z= ? 
2(k + 4) EI +4)’ 2(k + 4) 


Exercises 2a 


1. () 2, 5, 8, 11,14 (ii) 1, —3,3, —A4, A (ai) 3, 8, 17, 32, 57 

2.@r @)(—)D'Fr ii) ae 

3. 1, 2, 3, 5, 8, 13, 21 

4. pea hea —17 

§.@eF—1 @2r Gii)r+2r—1 (iw) 3" (wv) —(-2) 
(vi) 3" — (—2)" (vii) —(—6)" 


6. 0, 2, 2, 0, —2, —2; 0 

7. a=3,b= —6,c = 3; 90, 258 
8. @) 85, (ii) 363 

9. 3r? — 3r — 1 
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SOLUTIONS 


Exercises 2b 


1. —3,1,5 

2-16.13 

3. 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 
4. 206 

5. 10,7 

6. —n? 

7, (i) 124 (ii) (Sn® — 9n)/2._ (iii) (n — 3n?)/2 
8. 1980 

9. (i) Ann +1) (i) MDE + Ne =o) 


10 


(iii) 4(a — 2b)n? + 4(5a — 2b)n 
. (1) 4950 (ii) 1683 (aii) 4215 


Exercises 2c 


1. 
3. 
5. 
7. 


1, —4, 16 
10, 20, 40 


229 


121(1 + /3) 


—3,1,—3 

—729 

- all — @)*] 
2,9 


2 aRN 


10. 7, 2 


2 ? 


Exercises 2d 


1. 
3. 


. 1 wt Bi pee x?+4 
fa ee, as pais 2. oe 
a ge ee 


BB 5.x<—# orx>4 


EXERCISES 2 


. 5, 7,9 

6, 3 

. 1024, 4, 2048 

. nlog ar??? 
a=5,b=—4,c =}; 2"”—1+43n—2n? 
. (i) 247, 500 (ii) 250,000 (iii) 1020 
~a+(n— 1d; n+(n— 192" —1) 
. 20, 79 

-S=4; 3,5, 

. 9 or more 

. 7, 360 ft. 

. 332, 667 
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SOLUTIONS 





1 5 

. (i) 2 (ii) 4, Ein. 

an(n + 1) x Sr(r® — 1) 3 a = 8, r = 2, Sy) = 10,670 
2 ag | 

. 2o, 19-99998, 9 

» —$e<ix<l 


An —m+vntm) @ PEt? 

.@) x>0 (ii) x>0 orx< —} 

. b— n(b — a), b + (n — 1)(b — a), n(a + b) 
1—r*" b[i —(rb)"]_ 1 


Sn a—ba—n (U—b\1—rb)’ A —ni — rb) 


(ii) 40° + DO) 


Exercises 3a 


1. 


2. 


7. 


8. 
9. 
10. 


@) 14+2x+>7 @) 14+3x4+3x°4+%x% Gi) 14+ 4*%+4+ 
6x? + 4x8 + x4 
(i) 1 + 8x + 28x? + 56x? + 70x* + 56x + 28x® + 8x? + 28 
(ii) 1 + 9x + 36x? + 84x3 + 126x* + 126x° + 84x® +4 
36x7 + 9x8 + x? 
. (2) 153 Gi) 55 ii) 1287 (iv) 36 
. @ 1+ 12x + 54x? + 108x3 + 81x4 
(ii) 1 — 5x + 10x? — 10x3 + Sx* — x® 
(iii) 1 — 14x + 84x? — 280x3 + 560x4 — 672x° + 448x* — 
128x" 
. (i) 81 + 108x + 54x? + 12x83 + x4 
(ii) 64 — 192x + 240x? — 160x3 + 60x4 — 12x5 + x8 
(i) 8x3 + 36x%y + 54xy? + 27y% 
(ii) 16x4* — 160x3y + 600x2y? — 1000xy® + 625y4 
1,140,480x° 
+2 
22680 


Exercises 3b 


WOnNhWN 


~ 1 + 6x + 18x? + 32x3 + 36x4 + 24x5 + 8x? 
. 1 — 4x + 14x? — 28x3 + 49x4 — 56x5 + 56x* — 32x7 + 16x8 
. 80 
. 1+ 6x + 15x? + 20x? + 15x4 + 6x5 + x® = (1 + x)® 
. 3060 6. 105x1°/32 7. 2160 8. —360 
1. 


9 
—8s —8i'6 
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SOLUTIONS 


10. x7 + 14x%y + 84x5y2 + 280xty? + 560x%y4 + 672x285 + 
A48xy® + 128y?; 1-149 
Exercises 3c 
1.1 +x — x? + 8x*®; 1-0099 2. 0-9355 
4.@ 1—x+x79-—x® + x¢-— x8 4+... 
(ii) 1 — 2x + 3x? — 4x® + 5x*... 
3.4 4.5 
iii) 1 — 3x + —— x? —~ —— x? 4+... 
(iii) + 5 7 + | 
5. (i) 1 — 3x + 9x? — 27x? +... 
Pe | x? x 
i) —+—-——+—... 
Ow 36 108 432 
ee | x 2x? 
ii) —-—-—4+> 
iar ae eT 
6. |x| <3 7 it <|] 
9. 3 + 5x + 9x? + 17x? + 33x! 
EXERCISES 3 
1. 1 — Sx + 20x? — 50x® + 105x* 
2. 9°9499 
3. §x® 4. sg = sf. — Gpst + 9p*s? — 2p? 
5 1] 2 °( sy" 
1 oH; _ = -H-]} + Qn + 1)3" 
2+%x i=3% @= 3x 2\ 2 Cis 
10. 3 15. 1-0198 16. #% 
17. 1 + 3x + 5x? + 3x3 18. 1 + 2x — 2x? + 4x*; 2-4495 
19. 3317 20. p= —6,q=11 


Exercises 4a 
1. @) $+ 0i (ii) +3 + Oi 
es 31 
(iii) O4+ 1/30 (iv) —8+ i> 
(v) O4 Ti (vi) -1 +i/7 
(vii) —2+6i (viii) 4+ Be 
Exercises 4b 
1.@3 (ii) 18-—i 
2. () 14—2i (ii) 12 — 16 
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SOLUTIONS 


3. —3 + 3i 
4. (i) 2i (ii) —2 + 2% (iii) —4 
—~1—Ali =7— (Hi 
- ? 
(i) mae ad (ii) aa 


8. +(7 + 31); +(6 — i) 
9. (i) x® — 10x® + 5x — i(5x* — 10x? +1) (ii) —7 — 24i 


(iif) —1 (iv) =o (v) +i ijt 


Exercises 4c 





Df 13, <f17, 4/45; 2 
3.()2—3i (i)3+2i Wii) -24.3i 
5. +24 


Exercises 4d 


1.@3+4 (6-4 (iii) 3 — Ti 
2.@)4—2i (i)—643i (ii)44 8i 
3. (12+ 15% Gi) —10+ 8 
4.2+ 231 
3+ 2i 
6. B 
8 y=0 
9.x =0 
0. x7 + y? — 8x + 2y+9=0 


EXERCISES 4 
.@1-i G)1+4+2% (ii) -1 405 
. £3 + i) 


1 
> 
3. (—7 + i¥31)/2; —7, 20 
4. 30r0 

5 


F eee 
2 


2 


x? — y? —2xy 
(x? + y*)?” (x? + y?)? 
7. Length of a diagonal of parallelogram sides represented by z, 
and Zz. 
9. 2x? + 2y? — 5x +2=0 
10. (i) 3 (i a +5 
11. —2+4i 


6. (i) x° — 3xy’, 3x*y — y*® (id) 
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SOLUTIONS 


13. (i) 2—11i (ii) —* (iii) ak Gye 





(ii) i,4—7Ti ii,7 +4: iii, —7 — 4i 
19. Circle has equation x® -- y? — 4x —4=0 


21. —i(,/2 + 0), iK/2 — 1) 
25. B(4 + i); C(5 + 2i) or B(2 + 31); CB + 41) 


Exercises 5a 


1. 0,3 2h 5 3.k>2ork < —10 
4.2 9. 1, — 
125 
Exercises 5b 
ed 2 
4, We” Std 64 10. -20<k<5 
a 


Exercises 5c 
1. A, 48, 2992 
2. (i) x? — 19x +25=0 
(ii) 25x? + 72x —5=0 
3,@q=0 Gj p=r 


2 2 
om 2 _. dpr : 2 dr 
cy) MEAD Cg — pry (0) gE AP a" — 2p 
7. ac*x® + b(b? — 3ac)x + a®c = 0 
9. ac(p + 4)” = b*pq 
10. x? — 5x —14=0 
EXERCISES 5 
1.@x—6x+4=0 @i)x*+4*%—-14=0 
(iii) x? — 2ax + a? — 46> =0 
. 4when x = +3 4, oo ee eae ie= 9 


tA 


i, 4 9. 0, 
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SOLUTIONS 


lk< —-t,k>3 13.@k<lork>9@kK>0 
14.a+5b=0 

16, x8 + xlp — (p* — 499] — py — 4g) = 0 

18. pg <0 

20. (am, — Ina)? = (mn, — marin I,m) 

21. 0, 3, 8 .-1l0<k <2 


Exercises 6a 
1. (i) 183° 21’ (ii) —90° 32’ (iii) 36° 
2. (8) 4:102 (ii) 0-2455 (iii) —2-2369 
3. (@) 129° (ii) 4 radian 
5. (i), (iii) and (iv); (ii) and (v) 
Exercises 6b 


3 3 
1. is, va, a. #, 12 


PaO ee, 

; 13° /13 

3.@ a *sin® 6 (ii) sin® 0 

4. —— cos’ 6 a (ii) sec 6 

5.) 3—2e—3¢ (i) os et 28 (iii) aes 


Exercises 6c 
. (#03420 (ii) 0-7660 (ii?) —0-3640 (iv) 0-3420 
. @) —cos 10° (ii) —tan 50° (iii) cos 60° (iv) —sin 20° 
.@-1 @I1f/Y2 Gd) —Y3 () — 
.(@)0 (i)—1 Gii)0 W@)—-1 (0 @i)1 
3 


wren A Ne 


« Bs —6b 
Exercises 6d 

3. They coincide 4. They coincide 

5. Ope (ii)1 (ii) —1 (iv) —4 (v) 1//2 (vi) J3 Wii) -1 

(viii) —1]./2 
Exercises 6e 
1.@ @# ii) —#, No 
ae J 
aoe pao 
3. (i) “a (ii) 2/2 
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SOLUTIONS 

6. (i) sin 10° (ii) —cos 70° 

7. (i) cos 10° (ii) —sin 50° 

8. (i) tan 70° (ii) tan 30° 

8. (i) sin A cos B cos C + cos A sin Bcos C + 
cos A cos Bsin C — sin A sin Bsin C 
(ii) cos A cos B cos C — cos A sin B sin C — 
sin A cos Bsin C — sin A sin Bcos C 


Exercises 6f 
1. 4, —2 
Se 
"25° ./10° 3 
15. (i) ote wy BE ot? (iii i) O— 9 


ay 


Exercises 6h 
. (2 2 sin (6 + 45°) (ii) J2 cos (6 — 45°) 
. 5cos (6 + 53° 8’) 
. s/13 sin (6 — 56° 19’) 
. Ssin (26 + 36° 52’) 
. /10, 18° 26’ 


ARhWNe 


Exercises 6i 
1. @F (iz (i) 5 
2@—-2 Wi) —2 Gin? 
7.4 


Exercises 6j 
3. 30°39’ = 4. 691 ft. = 5.:19-5’ 
EXERCISES 6 


2. (i) 08988 (ii) —0-9336 (iii) 6-3138 (iv) 0-3256 
3@-2 (i —# (iii) —#% (iv) —& 


oo 
4, cos § = /(1 — s°), tan 9 = ———., cot 9 = va ay 
Vd — s*) s 
sec = A, cosee = 
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SOLUTIONS 








p+@? —2q 
p+ q? +24 
2 
1—/3 
“143 
(i) 3tan A —tan?A. 1 —tan?A 
1—3tan?A4 °* 2tanA 
 k4— ke) kA 4kE 42 
OS 
k?— 2 2 
—~— sin“ 2x,/(1 — x”); cos? (2x® — 1) for all x 
6 
. 3 +3 cos 20 + 4 sin 20 = 3 + 5cos (20 — 53° 8’) 


Max 8 when 9 = 26° 34’, min —2 when 0 = 116° 34’ 


Exercises 7a 


"4-2-1"? 
. 36n°; 0°, 36°, 72°... 324°, 360° 
. 90n° + 45° or 180n° — 90°; 90°, 270°, 45°, 135°, 225°, 315° 


. n180° + (—1)” 56° 12’; 56° 12’, 123° 48’ 

. n360° + 44° 34’; 44° 34’, 315° 26’ 

. n180° + 64° 42’; 64° 42’, 244° 42’ 

. 360° + 123° 54’; 123° 54’, 236° 6’ 

. n180° — (—1)" 28° 31’; 208° 31’, 331° 29 

. n180° — 16° 42’; 163° 18’, 343° 18’ 

. n60° + (—1)" 10°; 10°, 50°, 130°, 170°, 250°, 290° 
. n30° — 8° 29’; 21° 31’, 51°31’... 351° 31’ 

. n1800° - 150°; 150° 

. 180° + 15° + 27° 50’; 42°50’, 222° 50’, 167° 10’, 347° 10’ 
. n180° + (—1)” 54° 24’ — 18° 3’; 36° 21’, 107° 33’ 


aS ; 0°, 30°, 180°, 90°, 360°, 150°, 210°, 270°, 330° 


n180° -+ (—1)" 90° 


3 TBI — 3 18°, 90°, 162°, 234°, 306 


. (2n + 1)18°; 18°, 54°, 90°... 342° 
. 90n° or (2n + 1)30°; 0°, 90°, 180°, 270°, 360°, 30°, 150°, 
210°, 330° 


. 90n° or (2n + 1)223°; 0°, 90°, 180°, 270°, 360°, 224°, 674°, 


dune g 337K? 
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19. 
20. 


SOLUTIONS 


(i) n360° + 120°; 120°, 240°, (ii) n180° + 60°; 60°, 240° 
n360° — 120°; 240° 


Exercises 7b 


— 


14, 
15. 


COPIA NPWHE 


. n180° + 45° or n180° + 26° 34’; 45°, 225°, 26° 34’, 206° 34’ 
. n180° + 60°; 60°, 120°, 240°, 300° 

. n360° + 60°; 60°, 300° 

. n180° + 66° 2’; 66° 2’, 246° 2’ 

. n180° + (—1)” 14° 29’; 14° 29’, 165° 31’ 


n180° + 30°; 30°, 150°, 210°, 330° 
n180° + (—1)" 90°; 90°, 270° 
n360° +. 78° 28’; 78° 28’, 281° 32’ 


. n180° + 40° 54’; 40° 54’, 139° 6’, 220° 54’, 319° 6’ 
. n180° + 14° 2’ or n180° + 123° 41’; 14° 2’, 194° 2’, 123° 41’, 


303° 41’ 


. ni80° + 45° or 180° + 171°52’; | 45°, 225°, 171° 52’, 


351° 52’ 


. 90° + (—1)" 9° or n90° — (—1)"27°; 9°, 81°, 189°, 261°, 


117°, 153°, 297°, 333° 


. n90° or n180° + 60°; 0°, 90°, 180°, 270°, 360°, 60°, 120°, 


240°, 300° 

n180° or n360° + 80° 24’; 0°, 180°, 360°, 80°24’, 279° 36’ 
n60° — (—1)" 30° or n60° + (—1)” 6° 29’; 90°, 210°, 330°, 
6° 29’; 53° 31’, 126° 29’, 173° 31’, 246° 29’, 293° 31’. 


Exercises 7c 


WN 


on 


10. 


. (2n + 1) 90° or 


. 360° or 7360° + 180°; 0°, 180°, 360° 

. n180° or n180° + 108° 26’; 0, 108° 26’, 180°, 288° 26’ 

. n180° + 45° or 180° — 18° 26’; 45°, 225°, 161° 34’, 341° 34’ 
. n90° — 31° 43’ or n90° + 35° 47’; 58° 17’; 148° 17’, 238° 17’, 


328° 17’, 35° 47’, 125° 47’, 215° 47’, 305° 47’ 


. n180° + 45° or n120° + 20°; 45°, 135°, 225°, 315°, 20°, 


100°, 140°, 220°, 260°, 340° 

n180° 
3—3(—1)*° 
324°, 90°, 270°, 360° 


0°, 36°, 108°, 180°, 252°, 


. n360° + 180°; 180° 
. n90° or n90° — (—1)” 15°; 0°, 90°,. 180°, 270°, 360°, 105°, 


165°, 285°, 345° 


. n180°, n180° + (—1)” 90°, n180° — (—1)" 30°; 0°, 90°, 180°, 


360°, 210°, 330° 
n90° + 15°; 15°, 75°, 105°, 165°, 195°, 255°, 285°, 345° 
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SOLUTIONS 


Exercises 7d 


1. 


n360° + 26° 34’ + 63° 26’; 90°, 323° 8’ 


2. n360° + 53° 8’; 53° 8’ 


WOAANAMAHW 


Mb wWN 


. 1360° + 60° — 16° 16’; 43° 44’, 283° 44’ 
. n720° - 112° 38’ + 112° 38’; 0°, 225° 16’ 
. n180° + 33° 27’ — 5° 40’; 27° 47’, 207° 47’, 140° 53’, 320° 53’ 


360° -+ 36° 52" -- 78° 28’; 115° 20’, 318° 24’ 


. n120° — 15° + 45°; 30°, 60°, 150°, 180°, 270°, 300° 
. n180° — 7° 54’ + 27° 22'; 19° 28’, 144° 44’, 199° 28’, 324° 44’ 
. ni20° — 4° 41’ + 55° 19’; 50° 38’, 60°, 170° 38’, 180°, 290° 38” 


300° 


. n360° + 135° + 45°; 180°, 270° 


EXERCISES 7 


. (i) 30° 49’, 59° 11’, 210° 49’, 239° 11’ 


(ii) 13°53’, 103° 53’, 193°53’, 283°53’, 76°7', 166°7’, 
256° 7’, 346° 7’ 

(iif) 119° 28’, 299° 28’ 

(iv) 0°, 36°, 108°, 180°, 252°, 324°, 360° 

(v) 224°, 112°, 2024°, 2928°, 135°, 315° 


. (i) 36° 52’, 270° (ii) 36°, 324°, 108°, 252° 

. 45°, 225°, 171° 52’, 351° 52’; naw + 45°, nw + 171° 52’ 
. 0°, 180°, 360°, 210°, 330° 

. (i) 0°, 45°, 135°, 180° (ii) 35° 16’, 144° 44’ 


(iii) 90° 


. 1360° + 60° 
. 13° 17' or 240° 27’ 
. (i) 360° or n120° + 30°; 0°, 360°, 30°, 150°, 270° 


(ii) n360° -+- 71° 34’ — 18° 26’; 53° 8’ 


. n360° + 60° or 2360° + 141° 20’ 
. (8) 60°, 120°, 240°, 300° (ii) 53° 48’, 233° 48’, 159° 54’, 339° 54’ 


(iit) 1724° 


. 360n° -E 60° 

. (2n + 1) 180°; 360° + 120°, 360° + 41° 24’ 

. (i) 0°, 180°, 60°, 120°, 35° 16’, 144° 44’ (ii) 60°, 180°, 45°, 90° 
. —sin 3x sin 2x. 0°, 36°, 72°, 108°, 144°, 180°, 224°, 673°, 1124°, 


1573° 


. 60°, 120°, 240°, 300°, 45°, 135°, 225°, 315° 

. (Qn + 1) 30° or 180° + 30° 

. (i) n360° — 36° 52’ + 113° 35’ (ii) n360° + 73° 44’ + 78° 28’ 
. n180° or 120° 

. 60°, 120°, 45°, 135° 
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20. 
21. 
22. 


23. 
24. 
25. 
26. 
27. 
28. 
29, 
30. 
31. 
32. 
34. 
36. 
37, 


40. 


SOLUTIONS 


(2n + 1) 45°, 180°, +(—1)" 90° + 60° 
70° 32’, 289° 28’, 120°, 240° 

(i) n360° + 180°, 2360° + 120° (ii) n90° + 223°, 2180° — 45° 
(iii) n45° — 2° 30’ + (—1)" 3° 23’ 
—120°, —90°, —60°, 0°, 60°, 90°, 120° 
R = 13, a = 67° 23’, 142° 54’, —8° 8’ 
n180° — (—1)" 30° 

n360° — 67° 23’ -+ 140° 17’ 

$ or —1 

0°, 180°, 360°, 270°, 41° 50’, 138° 10’ 
45°, 135°, 225°, 90°, 210°, 330°, 315° 
+2 

19° 28’, 160° 32’, 194° 29’, 345° 31’ 

90°, 43° 10’ 

n180°, n180° + 135° 

(a) 70° 32’, 120° (6) 45° 

65s? + 8s — 48 


tana, =tan>, t= tan>,&%= tans, 


ty + te + ts + ts — (titets + tataty + titsta + titets) 
1 ee tite hana tts ae tt, rome. tots —_ tot, om tat, + tyltotgts 


Exercises 8a 


3. 


1. 
2. 


B = 63° 39’, C = 51°21’, a = 19-20 or 19-21 depending on 
the method of working 


5.c=2 
7. 
8. Correct to nearest minute B = 70° 54’, C = 65° 13’, D= 


W 26° 8’ N or 296° 8’ 


43° 54’ 


. (i) A = 49° 39’, B= 74° 4, a = 2-489 


or A = 17° 46’, B = 105° 56’, a = 0-997 
(ii) No possible triangle 

(iii) A = 44° 12', B = 67° 54’, a = 4-23 

(iv) A = 51° 58’, B = 54° 40’, b = 674-1 
(v) B= 51° 12’, C = 68° 49’, b = 52-82 

or B = 8° 48’, C = 111° 12’, b = 10-37 


EXERCISES 8 


One solution. A = 24° 34’, B = 79° 26’, b = 7:09 
a = 3,/5, b = 2,/10 
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- Height = 


SOLUTIONS 


. sin 0 = 0°8127, a = 95-7 

. 434 cm 

a= 11-64, A = 34° 53’, C = 50°55’. A= 91-72 in.” 
. b= 117,c = 56 

. AC = 5-94, B = 115° 23’, D = 64° 37’ 


[a? + (b — h)?] tan 6 
a+ (b—h)tané 


. AB = 300/(cosec”« + cosec” B — 2 cosec « cosec B cos y) 
. c= 9-8 in. 
. 16°, 10° 


B= 111°, C = 12° 42’, c = 0-745; 
B= 69°, C = 54° 42’,c = 2-77 
A = 0-98 or 3°64 


13,/3 
~ 3 


. 60-1 ft. 


aA 





"16 R? 


33.d= 


. 118 ft. 
. (i) 45°35 (i) J 8a; (iil) cos™(—4) 
_ (i) 13,970 ft. (ii) A= 4793 ft., B, 585 ft. (iii) 16° 46’ 


. $b 


. 7) + 4b sec «(21 — b tan « cot A) 
6h tan « 
3 + tan? « 


a 


Exercises 9a 


_ aah — x) 
= ~ h(20 — h)?, A = ar? + 2ar(20 — 2ar) 


.h=10sinx 
f0) = = 2,40) 2, (1) = 2 
. £0) = 6, A(1) = 2; x = 2or3 


F@) =1,F(2) =—1. = 2 
2 5 BEST 
. All values except 1 and 2 


3<x<7;x<3 and x>7 
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SOLUTIONS 


3 
2 Ue dear are (ii) y=~—x or y=x—-1 


(iii) not possible 
10.(@) y=1 or —2whenx=1,y=—1 + ./3 when x = 2 
(ii) y is not defined for x = 1 or 2 


Exercises 9b 


1. 50 yd, 1250 yd? 2.x =orx=2 

3. 0-86 radians 4.3 +x, +5; 11 

5. 12 ft./sec; 11 ft./sec 6. 3 + x9, 4 

7. 10 

8. 7, 3-31, 3-0301, 3-0000300001; 3, 3x? 

9. (i) —1 (ii) -4 10. 32 ft./sec; 64 ft./sec 


Exercises 9c 
1. 12 
2. Yes. —2x,2; 0,2. No 
3. Yes, —2x, 3x?; 0, 0, Yes 
4. (i) 14x (ii) 4x8 — 4x (iii) 2cos2x (iv) —3 sin 3x 
(v) cos x — 2x 


EXERCISES 9 


1.A4=r(1 + sec @) cot 5 





3.0,7,—= 
J *4’ 4 
4. 1,2; 0-001 
3 — 4x 
5. ad y= ii) y= —x 
@ y fay (ii) y 
6 3 


ey 34+x°'°2 

7. yx —x—2; 4 

8. xf + xy%e + x8 +3; 44x +275 6 
9. 51% ft./sec; 5 ft./sec 

10. x = 2 

11. 2, —1,2 

12. u ft./sec; a ft./sec? 

13. /3 
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14. 


15. 
16. 


SOLUTIONS 


()2x+1 (iy 
x 


(i) acosax (ii) —asin ax 
(i) sec?x — (ii) sin 2x 





Exercises 10a 


1. 


3 
5 
7. 
8. 16x(1 + cos x)(1 + sin x) + 8x (cos x — sin x)(cos x + 
9. 
10. 
11, 
13. 


14. 
15. 


35x4 — 12x* + 2x 2. 24x? — cosx 
. —6sin x — 16x — 8 4, 7x® + 4x3 4+- 3x? 
. cos x — cos? x + sin? x 6. 6x + 4cos x — 4x sinx 


8x3 + 15x? + 12x + 4 


sin x + 1) 

cos x — x sin x + 6x 

sin x(3x? + 8x) + cos x(4x? — 6x) 

4x(x? + 1) 12. 2(x? 4+- 1)(5x? + 2x + 1) 
6x (x? — 1)? 

3 sin x cos x + 3x (cos?x — sin? x) 

(9x? + 3) sin x cos x + 3x(x? + 1)(cos* x — sin? x) 


Exercises 10b 


1 


x? + 2x , sin x — x cos x 
“(x + 1)? "(x + sin x) 


2+2cosx +xsinx 
ase EOS esis 4. —cosec x cot x 





(1 + cos x)? 
sin x 6 —6 
(1 + cos x)® (x + 1% 
x + sin x (sin x + cos x) x4 + 6x® + 3x7 +6 
(cos x + sin x)” " (x? + 3x + 2)? 


cos x(x® + x4 — x® — x®) — sin x(x* + x® + 2x) 
(x + 19°? — 1)? 
—2x' — 6x? +6 


“(x + Dx + 2° + 3)? 


2 sin x cos x + sin? x 


” cos? x(cos x + sin x)” 
12. 
13. 


4x? + 12x +6 
(x? + 5x + 6)? 
1:08 
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SOLUTIONS 
2 
"24/3 
15. 4, (0,0); (—2, 6) 
Exercises 10c 
. sec x(sec x + tan x) 2. sec x(sec? x + tan? x) 
. —cos x — cot xX cosec x 4. sec? x(1 + 2 tan x) 
. 4sec? x tan x 
. (sec x + tan x)(1 — sin x + cos x + tan x) 
. sec x (sin x tan x + 2 sin x — cos x) 
(sin x -+ cos x)? 
sec x tan x 
(1 + sec x)? 
—2 sec? x 

"(1 + tan x)? 
10. (i) v = (8t — 3) ft./sec; 5 ft./sec 

a = 8 ft./sec®; 8 ft./sec® 

(ii) v = 2 (cos 2at — sin 2zt) ft./sec; 27 ft./sec. 
a = —4r” (cos 2nt + sin 27f) ft./sec?; —4n° ft./sec® 


cos x 
11. @ —2cos2x (ii) ———-—. 
) OO anos 


14 


NAAAWe 


15. in ( 2) 
Ss aos 


Exercises 10d 


1, 5(x — 1)! 2. 10(2x — 1) 

3. 5(4x — 3)(2x? — 3x)! 4. 8(x + 1)’ 

5. 3 sec 3x tan 3x 6. 5 sec? 5x 

7. sin 4x + 4x cos 4x 8. 2x cos 3x — 3x sin 3x 
9. 3 sin? x cos x 10. 3x? cos x® 


11. 6x sec (3x? + 1) tan (3x? ++ 1) 

12. 9 tan® (3x — 4) sec? (3x — 4) 

13. 4x sin (x? + 1) cos (x? + 1) 

14. (10x + 7)(2x — 1)? 

15. 3 sin* x cos x tan 2x + 2 sin® x sec? 2x 
16. —4 sin? x cos x 


7 —3 cos? x 18 —8x(1 — x*) 
“(1 + sin x} ~ (+x 8 


4 sin 2x 
"(1 + cos 2x)? 
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19. 8 cos’ x sin x 


SOLUTIONS 
_ Asin x cos x =<0s x 22. 18 sec® (tan? 3x) tan (tan? 3x) 
(2 + sin” x) tan 3x sec” 3x 


23. (i) nsin"6@cos6 (ii) —mcos™* 6 sin 6 
(iii) sin” 6 cos ™ 6[n cos? 6 — m sin? 6] 


Exercises 10e 














12 1 
1. 3x 2. swe 
3. 3(¥/x)* 4. 6(x — 3) (x + 3) 
x x 
5 —12x 4x —1 
" (2x2 — 3) ” 2,/(2x® — x) 
—x 
7. 3x,/(x? + 1) 8. G+? 
9 1—x — 2x? 10 (1 + x)°(1 + 7x) 
" Ja — x’) 2./x 
11. en /x tan ./x 12. $ tan x ./(sec x) 
B COs xX 14 1 
"2/0 + sin x) "JI + DX — D] 
— 1 
es 1 — cosx 
Exercises 10f 
5. 2x 6. iss re 7. Eanes Sane 
Ja — x‘) Jd — 36x*) 1+(x +1)? 
8 2 9 2x 
* x/(x* — 1) "41 +x¢ 
ee x 
10. sin“? x + Ja—») 
—1 
11. —————- 
(1 + x)/x 
12. u [tan(é a *) = tan x + tan 1| 
1+ x 1—x 





14, Because 2 tan7? x = tan ( ; 2x 5) 
— xX 
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SOLUTIONS 


a: 2 
pee, Sere 2, Le 2xy" 
x x? 2x*y — 1 
5, —/() 4. sin x — 1 
x 1—siny 
5 —y 6, — Gy cos xy) 
"x + cos y (1 + x cos xy) 
7. —1 
ee (2x + 3y), 10x? + 10y? + 30xy 
; 3x +2y ° (3x + 2y)® 
ie ee | 10. —8 ; —i5s 


Exercises 10h 








1. 2 2. —?%cot 6 
3t 
pa 2 1 
3, —4 sin 2t 4 er ea 
sint + tcost 
5. 2t+¢ 56, —3t 
: “1-28 
( ‘) (1 + 17) 3 35 
7.-(¢—-],-<" 8. —4e8, 34 
2 t 8° ia 
4t sips - 
9, 10.(i) Zsec (ii) 1 sec 


34° +1 
EXERCISES 10 


1 
1. (i) 3x? — ii) — (9? —t ~1 
(i) 3x°—x (ii) ane’ ) 
2. (i) 15x* + 4x* + 9x? + 2x (ii) sec (1 + tan @ — cosec 6) 
(1 + x?) xt + dx? — 1 


© O~ Gra © Cra 
1 ' 1 
* OO ge ah = Vx? 


5. (i) 3 sin t cos 3¢ + cos t sin 3t 
(ii) 2t/(1 — #) sin t + 2 
VU — t’) 
486 








. (i) 


SOLUTIONS 
2 23 
_ ( +.6x + 16) (ii) 6(x? — 2) 


(x? — 16)? (x? + 3x + 2)* 
7. (i) —(Scos t sin 5t + sin t cos 5#) 
i (I +#)tantt+t 
(ii) coon’ yr aes +e 
8. (i) 4sin® x cos x (ii) 3 sec® x tan x 
9. (i) 18 sec? 60 tan 60 (ii) — 106 cot* 6? cosec? 6” 


20. 


21. 


22. 


. (i) sec (tan 6 + 26 tan? 6 + 6) 


(ii) sin x cos 2x + x cos x cos 2x — 2x sin x sin 2x 








1 1 cos * + x sin : 
.@ —- ara (ii) — = 
one | ORS 
OF (Osa cae 
_ Va eer x) e 1 rae x 
Sule reer Ol eicveer 
@ Asin ®) a 
(i) 32x ( 1 


eet pit TG ¥ 6 
(i) nx") (tan nx + x sec? nx) 


1 x 
3 cos 2 
(ii) 
1 + sin?= 
dy 
yx 
@®y+2xy2 Gy —_# 
dx y? 
dy 
x —y 
(iii) 9% (iv) sin 2y dy 
x? dx 


SOLUTIONS 








~ yx an 4xy? — 3x? 
23. —— i) ————— 
(i) fas (ii) ree = axty 
3—x iw l—x 
24. (i ii 
(i) Paar (ii) yo 
; sec? x ~. ay—x* 
25 
@) JC — tan® x) (i) y? — ax 
26. § 
27. 0, 0 
28. 2,2 
29. —(20xy + 432x*y*)/(6y® — x)® 
30. — 2 cot 0 
a 
31. : cosec 0; — as cot? 6 
a a 
4 
32. —tan 6; sec” 6 cosec 0 
3a 
t 
33. tan - 
2 
3 
34. tant; pill 
at 
35. 3 
—(6 sin 6 + 2cos 6)  —(6? cos 6 — 46 sin 6 — 6 cos 6) 
39. eo gale : agg 
Exercises Ila 
1. 0-00003632 ft./°C 2. 4-77 in./min 
3. 4a cm/sec; 107 cm*/sec 4. 500 m/min 
5. 10 cm/sec 6. 3-18 in./min 
7. 20 ft.2/min 8. A in jee 
on 
9. —0-03 radians/sec iO in 
87r 


Exercises 11b 


1. 36 ft./sec, 36 ft./sec?; 92? ft./sec, 187 ft./sec? 


2. 8 ft./sec 
3. 3(¢2 — 1), after 1 sec 
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SOLUTIONS 


4. a = 6t ft./sec?. When t = 0 
5. 22 £t.,0ft.; —4 ft./sec, 4 ft./sec? 


Exercises Ilc 


. 1-0006 
. 0-7073, 0-7069; 0-7075, 0:7067; 0-7077, 0°7065 
. 0377 in?, 0:3779 in? 


. 4-47 in’; me in./sec 
21m 


1 
2 
3 
4 
5. 3% increase 
6. 
7 
9 
10 


decrease of 407 cm* 


. decrease of 877 cm? 
. 0-4 in? 


0-4%, 9960 


Exercises 1ld 


.y—6x+11=0,6y +x—8=0 


y+3x—3=0,3y—x+1=0 
y=2x,y+x—-—1=0,y—2x+4=0 
3y —5x+16=0 
ytx—-2=0; y=x 
y—x—a=0,y+x—3a=0 

poms Sock 


. 2Ty — 135x — 40 =0; y—5x+8=0 
. 24y—x—7=0,2y-x+1=0 
-yp=x,y—x—-4=0 


Exercises Ile 


1. Max. of O when x = —2; min. of —4 when x = 0 
2. Max. of #4 when x = 4; min. of 0 when x = 1 
3. Min. of —} when x = —1; max. of } when x = 1 
4. Min. of $; max. of 3, min. of 
5. —/(a? + 6’) 
6. Height 2r/./3, radius r./% 
7. A =r*sin 20(1 + cos 26) 
10. XP = ——“ — 
Jt — 7) 
Exercises 11f 
1. (8, —4¢ 
2. (0,2); (4, 2%) 


3. 


Min. (1, 3); max. (4, $$); point of inflexion (3, #4) 
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33. 
35. 


SOLUTIONS 


EXERCISES 11 
P - in/sec 2. 4:5 cm/sec away from lens 
T 
. 2:19 units/unit changeinr 4. 10 in*/sec 
: Se ean 6. 20, 16; 18 units 
15a 
a 27 7 7 3 
se 3 Om; = te 
3° 3 2 3 2 
. Increased by 0-31% 
. 0-17 cm 11. Decreased by 0:-42% 
. 3; y= 15x + 36; (—6, —54) 


~1+4,/2; 127 


-y=ix—F 

-@) y=4x—-15 (ii) y= —-}x +2 

. Min. when x = 0, point of inflexion when x = 1 
.a=},b=3,c= —6,d= —2; (—4,%) 

. —0:29 


.@ min. (Z. 3/3), max. (=. —3/3); (ii) min. (1, 0), 


5 


max (—1, 8) 


. max. (1, 4), min. (—1, —4), points of inflexion (0, 0) 


(v3.2), (va 4) 


. min. (2, —$), min. (—2, —4) 


. sin” (4) 
. max. (1, $), min. (—1, 1) 
b 


3a 


. y= x a Aer 
. Min. (2, 0), (2, 0), (0, 4); min. (2, 4), does not cross x axis, 


(0, 8); min. (2, —4); (0,0), (4, 0) 


y = 2x, (1, 2) 
az _A 
42 
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Exercises 12a 








SOLUTIONS 





1. z 2.—- Z 
x x 
3. cot x 4, = 
(ax + b) 
ea oe ae 
2(x — 1) cos x sin x 
7. sec x 8. 2 cot x 
9. loge x 10. pee 
x 
—2 
11. 
1—x 
12. cos x cot x — sin x log, sin x 
13. yx + 1) 15. i 
x(y + 1) x 
Exercises 12b 
1. 3e** 2. —2xe™" 
3. cos x e@!2* 4. —e°* 
5. aew**? , 6. 27 loge 2 
7. 2x loge 3 X 3” 8. e*(cos x — sin x) 
2 Ie” 
9, e~* (1 — 2x?) 10.5 
(i +e*) 
11. e*(log. x + t) 12. 2xe~*"(cos x? — sin x?) 
x 


15. 4or —1. 


Exercises 12c 


. sec? x fan 


Axte™” 


. (sin x)*(x cot x + loge sin x) 


. (loge x)” [1oee (loge x) + 


(2 = + loge x] 


a 





x 


7. e* + x7(1 + loge x) 


1 
2 
ke -( sin + cos x loge x) 
4 
5 


1 
loge x. 
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SOLUTIONS 


8. 2xe®™ + x1 + log, x’) 


9 =9 (: + ty" 
" 3(x? — 1)\x — 1 


2 4\1/4 
10. (5) 
x*—1\x? +1 


Exercises 12d | 


2,.-1<x<1 
3. 0:5236; 0-4997, 0-5000, 0-5000 to 4 decimal figures 


ee x = x 
5. sinx =x ——; cosx21—-—> 
6 2 





xe x? xo x 
sin x =x — — 3; cosx1—-—+— 
6 | 120 2 24 
7.@1+nx +—— wt —1) x? +...nx™ 1+ x” 


orm snd —1) xt Me) a 


9. 0:5236; 0-5714; 0- ae to 4 decimal figures 
10. a + bx + ex? + dx® + ex? 


Exercises 12e 
1. je= 1-6487, © = 0-3679 
2. loge 1:2 = 0-1823, loge 0-9 == —0-1054 
3. @ t+ 2x ¢2xt Ey. 


(ii) 1 — 3x a, 


iii) 1 24X42 wate 
(iii) be ae oe alec 


3 
4. (i) ax — dat +E gat pg —Sacxed 
2 4 
(ii) — (3. +2 +o +8); =a: 
4 6 8 
eos 2 x x x 
== SS we3 -l<x<l 
(iii) x ae rae x 
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SOLUTIONS 


1 1 1 
—3 Beta BS a ee 
.—-B<x< } OE Pa gee 


T Tt 
nae 2 9. 0-6931 
coe 


EXERCISES 12 


. Gd) 3x — Z + 6x logex (ii) «(2 + loge 2x) 
x x 


(iii) —2e~**(cos 4x +- 2 sin 4x) 


.@ ee (ii) cosect (iii) —cosect 
_—2 
x+y 
: we 5e** cos (4x +4); a= tan? +. cos. = Sarees = cis 
dx 3 5 5 
2 
TY __ 9508" cos (4x ++ 2a) 
dx? 


~ e(1 te") ... 1 — loge d 
Oro es 6 Flog 6) 


. (d) e® "(x cos x + sinx) (ii) 1 cos (loge x) 
x 





: 1 ¥ 1 
Osea ae n 
_k=—7 

ghey ad 
Sop “oss 

1. d+? 

tet’ — per 


. Max. c= when x=e 


e 
. G, if/e); (—1, 1//e) 
_y=2x+1 


(28) 


. (4, 4 + loge 4) 
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SOLUTIONS 


1 
28. + — 
: 2 


10ge a 
29. (i) Gogex) [1 + loge (loge x)] 
(ii) x(1 + loge x) + sec? xe” 











30. x1 + lo (i+ = ) x" 
(1 + loge x) +9 ee 
3.tr0<k<l; 143 
€ e 
33. 0-000334 
3 
35. () 12x -2xt— (ii) 1 — 2x — 2x? — 4x3; 000040 
x? 2 xt xh x8 — y? 
37. BS eet ghee ees ee Si A 
ee ae gy ke ee 
x3n-1 94 1 1) ond 
van ce 3n errr 
46 +46 $427 
38. (a) — 2(sin 6+ esta. ae) 


7 
O<cx<- 
2 

x? x? (—1)"" 


1 
b) 4—x°+-=x*; 2log.2-——+—; 
() +3 e 4 2°) no 


4 


39. (a) 1 + x® + 3x8 
x 


2 3 
Oe Soe us 


2(coso +4 cos "0 + c0s? Ot... + 
40. 0°6931, 1-0986, 1- Pe 1-6094, 1-:7918 





os?”-1 6 +, “) 
2n 5 - 





Exercises 13a 
(Arbitrary constants in these exercises have been omitted) 


3 x 3 4 x 
{<= x8/3 —— 3xtl3 casa} x5, lo x,- 4 er coe 
12 5 Vix’ loge gv*5 
ee 2,/x, loge x, — 
. 2x2 > ¥ > > fe Vy 


a 5 5.3 
10x?’ ree 
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SOLUTIONS 


A 


Rane cae eee rae ae as 
3. sin 4° sin 1x, sin“! 2x, sin 3x, sin 


x 
6 
4, 4 tan) ~ , tan7? x, i tan-~ , 3 tan? 3x, 5 tan? 5x 
2 2 3 3 


5. tan x, —cot x, 4x + 4 sin x, tan x — x, —cotx — x 
a ee ae ae a/x(22 + 22x — 10x°) 





4x* 3x3 x?’ 11 

Ge se Oe 2 Se 

"3x8 5x5 6x®’ 
2 n—4 3 p—4 
et A x?"(n, p, # 4) 
n—4 p—4 
—1 3 5 

a a ee eG 1,5 
(n—1)x™*) (n—2)x™?) (n — 3x" | a ) 


2 
8. zoe; x $5x2 +2 xt dub loasx — atx 
x 
9. —6cosx; 7sinx; 8sinx + 6cosx 
10. y = x8 — 3x2 42x47 
ll. v=S5t—ktP+¢; k=4 
12. x = —3sint 
13. y = 3 — cos x 
14. y = $x° — dxt+ 45 
15. x = t* — 1023 + 1622; 2 sec, 8 sec 
Exercises 13b 
~ (x +3) - (—xy" ... 2 3/2 
L.@a —-— — =—— (iii) —(7t +5 
(i) 5 (ii) o ( eae + 5) 


(iv) = (3u — 5)72 


eee ees 
(a = xy? 


F 1 
2.) — Dax + b# 
(iv) —4(1 — 3y)?* 
3. (i) —}cos(3x +3) (ii) sin (Su — 1) 
(iii) cos (1 — y) (iv) 4x — sin 2x 


(v) 4x + 4sin 2x 
4. (i) —e* (ii) te°42) (iii) — ge“ ™ 


(ii) (2x +1) (iii) 


5. (i) Flog,(2x +1) (ii) —4tloge(1 — 2x) (iii) log, (sin x) 
(iv) $ log, (x? + 1) (v) log, (x* + x — 1) (vi) log, (2 — e“) 
(vii) 4 log, (e** + 3) (viii) 4 log, (log, u) [N.B. Another form 


of this is 4 log, (log, u*)] 
(ix) log, (log. 3x) (x) —log, (cos x — sin x) 


495 


SOLUTIONS 


x—-1 


6. (i) #tan7 (4) (ii) } tan-? 4t 
(iii) tan (x + 4) 
7. (i) t sin 46 (ii) } sin—? (z+) 


(iii) sin (" ") 
8. (i) Floge(x® +1) = (id) — (2 — 31° (iii) loge (1 +”) 
9. (i) } tan? 2u (ii) $ loge (1 + 4u?) (iii) 4 sin7! 2u 
10. (i) loge(1 + tan? x) (ii) —loge (1 — sin? u) 
Exercises 13c 
l.y=14+x— 2? 
2y=— Z +1 
x 
. v = 92 ft./sec, 372 ft. 


3 
4. vu =u + 4kt?(k constant) 
s=ut + Akt’ 


5. 1068 ft. 
Exercises 13d 

1.@4 (ii) 16} (iii) 0 
2,.@ 4 (ii) 16} (iii) 0 
3. (i) 43 (ii) 2 (iii) 183 

~ 7 sy Stee 7 
4. (i) iB (ii) 5 (iii) 33 
5. (i) —# (ii) —# (iii) —# 
6. (i) 122 (ii) —122 
7. (@) —3 (ii) 3 
8. (i) #e® — e*) (ii) —#(e — e*) (iii) 411 — e*) 
9. (i) loge 3 (ii) loge $ (iii) loge 5 
10. (i) 0 (ii) 5 (iii) . 


11. 248 square units 
12. ,& square units 
13. 2 square units 


14. 5 square units 


15. 125 square units 
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SOLUTIONS 


EXERCISES 13 


. (i) 42x — 1) (ii) (2x — 1)” 
2. (i) $x7 — 32x® 4 2x8 — x (ii) Ax? — 3x° + $x? — x 


3 
3. (i) 2y7/2 — 45/2 ee 2x3/2 (ii) — _ a ( 


_ 





3 
4. (i) — 5 + loge x — a (ii) 2x¥/® + $x3/? 4 3x5? 
x 
(iii) Ax? + 8x5 + 3x8 


3/3 —5 4 
5. G@) ———._ ii) — 
(i) 3 OT; 
6 y= x? —x? +1 
Toy=x+2x? 
k? 
8 y= C-—— 
x 
9 Peo es 
2x 
1 
10. — 
42 
11 = — — logex += 
ve ee eee 
er 
ge 
6 
14. 22 
16. v = 4s 


17. y=9 + 6x — 3x’; 32 
18. 1 sec, 214 ft. 
20. 4,4 





Exercises 14a 
(Constants of integration in these exercises have been omitted.) 


x? x? x? 
Ay ih tose) 2. Rg ee 
3. x + loge (x — 1) 4, — 4t — § loge (1 — 32) 
7, 497 


SOLUTIONS 


5 ws OE Nps, Bp Gy tor eo oge =e) 
ae a eae ans 7 
7. } — loge 2 8. dt — ts loge (1 ++ 41) 
9. —floge 5 10. _ ale (a ++ bx) 
Exercises 14b 
7 x —3 
1. Stan? 1 2. -t 323) 
an* (x + 1) 5 an 5 
3. 7 4. 5x + tan x 
5 + tan#(2 — 1) 6. = 
6 2 
3 
7. 2—2tan2 8. — 9x + 27 tant? 
2 _4/2x +1 27 = 
9. x +— tan (41) 10. —-+- 
/3 Jf3 16 8 


Exercises 14c 


1 


2. 


10. 


; + loge (x? -- 16) + ; tan 


; + loge (x? —x +1) + a tan-*( 
. $x” + 6x + 13 loge (x? — 6x + 10) + 18 tan-! (x — 3) 


3 5 
=] 2 4. 36) — = tan 
3 Oe (x" + 36) 6 


. loge (x* + 2x + 10) + ; tant(2 44) 
. 3 loge (x® — 6x + 10) + 14 tan™ (x — 3) 
— ; loge (x? — 8x + 25) — 5 tan? (24) 





=a ") 


? loge (3x? — 12x + 13) + a tan“? ./3(x — 2) 


. X — loge (x® + 2x + 5) — Stan (+4) 


x? 7 1, _, f2x+1 
— +x — =loge (2x7 + 2x +5 — an (+1) 
; x 7 Be (2x" + 2x ) ; A 
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SOLUTIONS 


Exercises 14d 


1. 
. loge (2x — 1) — loge (3x — 1) 

. 5loge x — 6 loge (1 — x) 

. 2x + loge (x — 2) + loge (2x + 1) 


2 
43x +2 loge x — 2 loge (2x + 1) 


vA & WwW NY 


20. 


: L tan7! x — 1 tan 
3 6 
. loge (x — 1) — 3 loge (x? + 9) — } tan™ 


. loge (x + 1) — # loge (x? + 4) + } tan™ 


—loge (x + 2) + 2 loge (x + 3) 





17 
1 2 — loge (3x — 1) — —————— 
oge (2x +3) — loge (x — 1) — 
| loge (x — 1) + 3 loge Gs +2) — 
- Joge (x — 1) + Plog, (2x + 1) — = ; 


. 2x — Loge (3x + 1) + Slogex +° 
x 

» Floge (x + 4) — 4 loge (x” + 8) 

3 tan 

go ee ee 


. B loge (2x + 3) + } loge (2x? — 1) 
. 3 loge (x + 1) — loge (x? — x + 1) 


1x 
2 


Ne Ws 











loge (x — a) + Pose tee loge (x — 5) 


te a 
"(a — bya — ¢) (b — a)(b — ¢) 


c 
ag Sep ie 
"Coe 
1 x? e) 
ee See 
a? — By) N\A a? 
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Exercises 14e 


SOLUTIONS 





1. —}fe-*” 2. —}(a? — x*)3” 
3. —/(9 — x?) 4. A(loge x)* 
5. —loge (1 — sin x) 6. $ loge (cos* x + 2 sin? x) 
1 1 2 5/2 3/2 
1. == 8. B(x + 1)? 8x +1 
300° +O! 5(x + 1) (x + 1) 
9. $(loge x)® 10. loge (loge x) 
11. étan® x 12. —elV/# 
1 1+ =) 1 
13. =lo (i+ 14, — (x* — 2)35 
3 Na 8 45° —?) 
15. 4(sin™ x)? 16. 4 
1 
17. loge2 18. loge 2)"*2 
O8e Weed (loge 2) 
2 
19. diog, (% zo 2) 20. + toge (e + Ie? +1) 
6 5 2 
1+e 
21.4 22. 5 loge ——— 
24 208 (+6) 
2 
gg 28 24. 0 
288 
25. cos 4 — cos 2 
Exercises 14f 
1. #(x? — a)? 2. 3(x? + 4)*” 
3. — /(16 — x*) — sin ; 4, =/Q-sx4) 
5. —cos x — ./(1 — x?) 6. Bx + 1)? — Hx + 133” 
7. Hx — 1)? + B(x — 19°? + 3x — 1)? 
8. 3 9. 4(5,/5 — 8) 
7 1 


Exercises 14g 


cos9x cos 5x 


18 10 
sinilx . sinx 
22 2 


3. 


2 — 608 j1x 


4. 
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cos 5x 
22 10 
sin 12x 


sin 2x — 
J 24 


SOLUTIONS 





<8 sane A q 9 12 
5. sin’ x sin’ x 6. — 98 x , 2.¢08 X cos’ x 
5 7 7 9 11 
3 
7. 2 (sin x)" 8. ee BN ore ee kes 
3 cos x 
9.0 10. +783 


Exercises 14h 
1. —(« + 1)e* 


1 


2. —3 

3. 46" sin 20 + 40 cos 20 — } sin 20 

4. e%(x® — 3x” + 6x — 6) 

5. —x® cos x + 3x7 sin x + 6x cos x — 6sin x 
6 


. 82 loge 2 — 84 


x? Ment 


7. —sin'x—-=-s x i — x? 
2 peeves 


- Ocosm@ | sin mé 


m m 


1 
11. = — = loge 2 
2 

12. x(loge x)? — 2x loge x + 2x 

13. (x + sin x) tan > + cos x or x tan - 


14. —x cosec x + loge (cosec x — cot x) 
15. £ sec x tan x + 4 log, (sec x + tan x) 


Exercises 14i 
1. $e*(sin x + cos x) 
2. —A,e°*(3 cos 3x + 2 sin 3x) 
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3. 
4. 
5. 


2. 


Lvs) 


SOLUTIONS 


roxe™"(2 sin 4x + 20 cos 4x) 
$x./(16 + x?) + 8 loge [x + /(16 + x] 
—+}cosec x cot x — 4 loge (cosec x — cot x) 


EXERCISES 14 
(i) 4(2x + 1)" (ii) —} loge (1 — 3x) 


(iii) tanx +}tan?x (iv) S2* 





— Sec x 





- 1fX +1 : ~1 
(v) sin ( ; ) (vi) tan™* (x + 3) 
(vii) loge (3 + sin x) (viii) 3 loge (a+ e**) 





(ix) loge (sin™ x) (x) ee cos 7x +3 % cos 3x 
(xi) —2,/cos x (xii) —— sin’ _ sin’ x +Cy 
costx , cos* x 
— OS x ser ic 
or 4 + 6 + Cy, 
. (i) 3 loge (x — 2) — ae — 1) 
x+1 
(ii) x +2 tos. ) 
(itl) — 5 + Slope (x +1) ~ 5 loge (x* + 4) 
5 (x +1) 25° 
3 1x 
— — tan“ - 
50 2 


(iv) —} loge 9 
(v) loge (x — 1) — $ loge x — loge (x? + 4) — } tan*> 
1x 


‘ 1 
(01) — = loge (x + 1) + xo loge (x? +9) + 3 tan 





(vii) 3 loge (2 + x) + loge (1 — x) — 2 
(1 — x) 


ey ee 


x 


: 1 
6. (i) 1 ii) = — = loge 2 
(i) Gs 5 l0Be 


bog IR 1 1 re 
iii) ———+-loge2 (iv) — 
(iii) D 6 + 6 O$e (iv) 32 
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a x (ip - 


. —ia(3e7 + Meg 
. sin /x — J/[x(1 — x)] 
. (i) (5 — 2x)? — 85 — 2x)? 


@ : (is Gin 
; isn x + “i — x’)] 
. (a ye - 


SOLUTIONS 


‘ a 1 
. Os = + see we (ii) loge 4 
ne is (iv) nr? — 4 
(a) () + (ii) 3 — 4e) 


(b) 3(1 — loge 2) 


. (a) tloge5 (b) /27 — 4 


3,/2 


. (i) (a) 48 + loge2 (b) —— 


(i) 4x? — log, @? + D) 


. 0-287, 0-605, 1-07 
. (i) 6 — x)? — 46 — x)? 


(ii) x + dloge (x? + 4) — tan 


(iii) x — sin x cos x — }sin® x 


Nx 


. 0 


. 7 

1 (=) int / (=) 
: | ‘ Cc 
PT b—x aor b—a ta 














aa" ears apt on (=) 


.n=O0; xlogex —x 


n=1; 4 (log, x)? 

\ : 1 1 1 1 | 
n-#Alord0; a= #9 [MeO 
eS 1)"] 





(ii) x + 9 loge (x — . — 6 loge (x — 1) 


iE 


4d ca 
1 1 1 1 
(0) o@ th 40° +0 








+ C, 
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SOLUTIONS 


Exercises 15a 


1. $ loge 2 2. 8% + loge 3 
3. 4 4, OCA = 12, OBA = 4 
5. 134 6. 335 
7.4% 8. (i) 4,4 (i) 114, & 
7 Jor 20 
9. (i) — «any VO™ «Gi 27 10. 
OF XE wT 10.4 


Exercises 15b 


1. 2,6663 Ib wt/in.? 


2 1 1 
2.(i) +,—, (ii)0,— 
OF Ms 
I 
iii) 0, 1 iv) 0, — 
(iii) (iv) p 
5. 665 
Exercises 15c 
2 
1. 55480 3. 7s 
4 3 5. 2aah" 
6. ma*h 7. wa*b, rab" 
27 
9, = 10. — (8e° + 1 
30 9 ) 
Exercises 15d 
1. (a) *=3,p7=0 
b)x=7,p=7 
(b) ar 
(c) X=4,p =0 
2. (a) $= 3,7 =0 
b) ==, f=0 
(b) 5° 
2 


(c) X= 8, p=0 

3. (a) One third of the way up a median 
(b) With the straight edges as axes ¥ = f = 4a/3a 
(c) One quarter of the way up the axis of symmetry 


3504 


SOLUTIONS 
(d) On the axis of symmetry distance 


h (4 + 2ab + -) 





4\ @+ ab+P 
from the smaller end 
ee 256a 
; 3157 
EXERCISES 15 
3 
1. 39rh5 3. §, (0) 
3. (0, 0), (2, 2)§, 297 6. ; 
1 7 
= 3. = 
V2 3 
39 9 9 Qn 
9S acho 10. loge= ,— 
a eae cay ae 
11. ¥=24,p=18 12. 2a®, (fa, a) 
2 
13. (i) : ORC (z 5 .2) 
14 (22 182) 
5° 5 
15 &7a° 


16. (1, 6), (2, 3), area = (42 — 6 loge 2) 
18. = 1:35, = 2-70 
19. t=0,% = 1-6 
200. a=},b=—1 
22. CP? =a* +b? + ab 
(i) $670 (ii) (a? + ab)O 
23. (i) 127 =i) 16 24. 4ar 


a—b 2ac 


25, P= 0 =0,R=b; = (3a? + 4ab + 8b*) 
c 15 
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SOLUTIONS 


Exercises 16a 


3 
1.@ y=-—cosx+C (ii) x= > 2+C 


(iii) x = Ce** (wv) y= $+ At +B 
. dy wn» dy 
2. Gi =x ii) ~ =2 
@) y ae ( ae y 
2 2 
(i) Lary — wy L-B_ey =o 
4. x = 10e*# 


5. 7 miles/sec 


6. Terminal velocity = ae 


9 V= seh! = 1) 








(b—a)\r b 
10. y=e*e™* 
Exercises 16b 
2 
1. @ y(C — tan? x) = 1 ii) y= ———; 
(i) y( an™ x) (ii) y 1+ Ae 
a: | 2 ; a 
i) lo ( —-=C (iv) ~e* =e +C 
(iii) loge 7 sue (iv) 
2. s=A(tan*2 — tan 4) 3. r= Ae ot 
30 3 3 
5—x 
4. y= ——— 5. Ye=x*+2x+A 
4 1+ 5x ms 
3 2 2 
y= x +y=C 
2 3 — 2x 
6e%15 _ 3 
10. Ha 


Exercises 16c 
1. x = 5e—5* 4. 7e5t 
2. x =3 sin 2t + 4 cos 2t 
3. @) 6 ft./sec (ii) 10 ft./sec (iii) 5 ft. 
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SOLUTIONS 
4.@)v=0 (i)v=12 ft/sec (iii)x =0 
5. x = Se 4 2 

EXERCISES 16 
1. (a) sin x cos y= Cc 
(b) loge y = — x +C 


(c) ye* = Cx 
2) +o(2) 
2 (2) ++(2) = 
dx. oe dx 
x? 
3. Va ea ee) 


4.11 — yO + xP = C 
9. y = Ce 120 days, 30 g 

10. xy=C 

12. y=xlogex —x +C 
yo 92 


13 
dx 1+2 
2#/5 
15, x= Sg 0 = 2st = Hoge 3 





20. y= Acosx + Bsinx — x* 
24.x= aa — eCtlA) ¢ = 400 loge $ 


2 
25. (a) log@ety+i=y-F+C 


(b) (1 + y*) = 801 + x’) 
26. kv = g(2e™ — 1), k°x = g(2 — 2e*!— kt) 
27. (i) v=8 (ii) x=4 (iii)v =1 
29. a> $ loge 2 
2 
oa lens rie (F4) 








Exercises 17a 
3. A(2, —7/4), B(S,—7/9), C3,0), DQ, —7/4), E(6, 7/9), 
F(4, —7/4), G(6, 57/6) 
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an & 


Oo co 


10. 


SOLUTIONS 


. (0, 3), (2, —2,/3), (—5, 0), (—./3, —1), (0, —3) 

. (2,/2, 7/4), (5, —126° 52’), (5, 7/2) (13, 157° 23’) (3, 0), (3./5, 
—26° 34’) 

. A and F, B and E, C and H, D and J 

. AQ, 7/4), B(2, 77/12), C2, 117/12), D(2, —37/4), E(2, 
—5m/12), F(2, —7/12) 

. P must lie on the positive portion of the x-axis 

. (a) On the whole line through the origin making an angle 7/4 

with Ox. 

(5) On the whole line through the origin making an angle 

37/4 with Ox. 

B(7, 8), D(—5, —4) 


Exercises 17b 


1. 


AB = BC = CD = DA=5; AC= BD = 5,/2 
. AB, —4), B(—3, 4), AB = 10 
. AB= CD = 3,/13/5, AD = BC = /2, 

AC(,/137/5) 4 BD(,/197/5), hence ABCD is a parallelogram 
. AB = 2,/13, BC = ,/13, AC = ./65; hence AC? = AB? + 
BC? hence Z ABC = 90° and AB = 2BC 


. X = 12 or —6 

. All distances equal to 2,/(a? + 5%) 
. AB = 3/2, AC = ./2, CB = 2,/2 
. P(5, 3) 


Exercises 17c 


amwWN- 


. Internal (—3, —4), external (—9, —13) 

. (8,4) 

. P(2, 6), Q(17, 36) 

. (@) Externally in ratio 1:2; (6) internal bisector; (c) externally 
in ratio 2:1 

. CP: PD = 2:3, P(5, 5) 

. A(—54, —14), G(—2, 1) 

7 (22% 2q +4), p (ets 5q +4) 

. PO, 12). The internal and external bisectors are at right angles 
and since P(0, 12) lies on Oy then the internal bisector is Ox. 


. a(® +%X3 Yet 2s) o(# +Xe+%s VWtYet 22) 
> a 3 ; 3 
aes | 
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SOLUTIONS 


Exercises 17d 


1. 
3. 
4, 


7. 


13 square units 

(i) 1 square unit (ii) 24 square units (iii) 0 (iv) 33 square units 
AB? + BC? = 52 + 13 = 65 = AC?; AABC is 13 square 
units 

Pci, 14). Area ABPD is zero hence P lies on line BD. 
APAB = APCD = 33 square units 


8. Area ABCD = 32 square units 
9. 


AABD = AACD = 12 square units. The quadrilateral is 
re-entrant. 


Exercises 17e 


1. (x—3¥ +(v94+ 4? = 49 

2. 3x2 + 3y? — 44x — 46y + 239 = 0 

3. x? + y? — 9x — 6y + 26=0 

4.r=8sin0 

5. (x — 2)? + (y — 8)? = 169 

6. xy = c*, x2/a? + y?/b? = 1 

7. y?— 4x — 6y + 13 = 0 

8. 3y? — x? = 0 

9. rsin 6 = 6 
10. 4x? + 3y? — 48 = 0 

Exercises 17f 

1, (—3, 5) 2. (5, 13), (12, 6) 

3. (1, —2) (—1, 0) 4. (10, 7/6), (10, —7/6) 

5. Common point is (—4, 3) 6. Two co-incident points (1, —1) 
7. The common points are co-incident (7,7) or the distance 


between centres equals the difference between the radii 


. 3/3, 7/6). Note that the origin does not satisfy both equa- 


tions simultaneously 


9. (7, 9) (—1, 5) 

10. (4,1) 

Exercises 17g 

1. 3x—2y+9=0 2. 5x +y—22=0 
3. 2y — 5x — 10 =0 4.x+5y=0 

5. 2x —3y+4=0 6. y? = 4ax 

1% Lary 8. x? + y? = 25 
ay aa ia aoa 
ae alge 
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SOLUTIONS 
EXERCISES 17 


2. (5./2, Ln (2, Shar (3./2, 31/4), Q, 7/3) 3 ) (3, 0) 

3. A and F, C and H, G and J 

4. = J17; BC = ,/40; CD = 5; DA = 6; area 16 square 
units 

6. (3, 2) 

7. AG, 0), BB, —7/2), C(5, —7/2) D3, 0), E(5, 0), FUL, 37/4), 
G3, 7/4 


8. (6, 8), (—18, —40) 

9. (3:1), 3:—) 
10, 4x? + 3y? ~ 16x + 24y + 52 = 0 
11. a = —2 or 7} 
12. (8, 5) 
13. Sides 15, 20, 25; area 150 square units 
14. (é) 3:2 Gi) 5: —2 iii) 3: —5 
15. Centroid (2, 42), circumcentre (3, 4) 
16. 36 square units 

17, x? + y? = 27 

18. 7:—2 and 1:4 

19. b = —4 and a= —5, AB = 3,/5 
20. r = 6sin 0 
2la=1 
24. x®—2x—2y+2=0 
25. (i) (7, —4); * i) (7,4); Gi) (—7, —4) 
26. y? = 64x, (x — 4(6 — y) = 1 
28. Midpoint of AC (—1, —1), D is point (9, —10) 
29. xy = constant 
30. r(cos 6 — sin @) = 5; x —y=5 


Exercises 18a 


1.@ y=036x +5 (ii) y = —0-58x — 4 
(iii) y = 1-19x (iv) y = 2°75x 

2. (i) y = 5x (ii) 3x + 2y =0 
@ii) y= ix -3) (wv) y= -2 

3. (i) Slope $ intercept —2 
(ii) Slope —1 intercept $ 
(iii) Slope § intercept 0 
(iv) nae 0 intercept 6 

_ 





4, Slope i is > 
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SOLUTIONS 
Exercises 18b 
1.@ Ty—2x—11=0 Gi) y+3x—16=0 
(iii) y+ x—3=0 (iv) 2y + 3x —11=0 
(v) 2x + 5y+10=0 (i) y+ x—6/2=0 


5 3 15 
2, 4221, ys 
ag gag? ad 

5. 2 5 31 

3.x—=—23; Syt+——x = — 5 x/*4 31 — | 
ng hp joe 

4. xcosa-+ysinn=a 

5.0 = a + 90°(0 <a < 7/2) 


@= 90° —a(—7r< «< 0) 
Exercises 18c 


1 (=1, =) 
2. (a) (2, 2 (b) (24, —3) 
a ab 
@ (4... a (d) (2,8) 
3. (i) and (iii) are coincident 
4. k =5, k = 3, lines (ii) and (iii) are parallel; k = 6, lines (i) 
and (ii) are parallel 
. Ix + 4y =0 
. k =5; the point (3, 4) 
. 5x + Ty — 35 <0 
4x — lly —28 <0 
14x + 3y + 68 > 0 








oon 


Exercises 18d 


. (a) 8°8' (b) 75° 32’ (c) 90° (d) 90° 
. 2x —3y+8=0 
.x+y—-5=0 
75° 
. ABy — 2x + 3 = 0, /20 
BC 2y + x —9 =0, ./20 
CA y + 3x — 22 = 0, /40 
Exercises 18e 
1. (a) 63 ()-# ©3 @Mis 
2. 442 opposite side to the origin; —23 same side as origin 
3. No, it is one of the excentres 
4,.a=1 
5. (2, 4) 


511 


SOLUTIONS 


Exercises 18f 


i 
2. 2x — 6y + 17 = 0, 6x + 2y +11 =0 
4, 

5. (a) 14x — 2ly + 95 = 0, (b) 7x + 14y — 33 = 0 


2° D2 WAN 


(a) y + x =0, (6) x + 4y +3 =0,() 2x +3y +1=0 


2y + 3x =0,y —2x=0 


EXERCISES 18 


. (a) PQisy + 4x—-—4=0 


QR is 7y + 2x + 24=0 
PR is 3y —~x + 1=0 
(6) 2y —7x+7=0 (ce) y+3x-—2=0 


(d) (43, — 15) (e) 13 square units 
2y=4x—13 . 

. (a) 4x + 3y — 39 =0 (6) 3x—4y+2=0 
2y—x—-9=0,y+2x+2=0 
x y 5 4 20 
Ae AL ALY al 

. k = —4, 3 distinct lines through the point (—2, —1) 


k = 2, 3 coincident lines 
k = —2, 2 of the lines are parallel 


. Incentre (3, 1). Excentres (—1, 3), (6, 2), (2, —6) 
b 

x1 area (ax, + by, + ¢), 1 — py pe + by, +c) 
.2xty=2 
. $(BC? + CA? + AB?) 
. mmmmn, = —1 
. Ty — 3x + 102 = 0 
. Outside 

p(=2*, 4); c(#,e), Locus x + 5y = 0 

3 6 2 

.3x—y=3,x+3y= 11 

X—-h_y—k 

a b 

. 15x + 8y = 85 
_k=30rk = —$ 
. (2, 2) 
. 3x + 2y = 13 
. xcos 2a + ysin 2% = 2p cos « 


= 2x — x? 


- (a) ~3 and § (6) (5, 1), G, 3) 
. aybeC = Aybs3Co + agb5c, — Agb1C, + Agb,C2 24 Agb2cy = 0 
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SOLUTIONS 


Exercises 19a 


1. 


1 


Some YD 


(i) x® + y? — 6x — 14y + 33 = 0 
(ii) x® + y®? + 6x + l4y + 22=0 
(iii) x2 + y? — 10x = 0 

(iv) 2+ y? + 6y —7=0 





. (i) centre (—1, —3), radius 2 


(ii) centre (—$, —4), radius vat 


(iii) centre ($, 0), radius 3 

(iv) centre (0, 3), radius 2 

(v) centre (a, —b), radius ,/(a? — 5?) 
(vi) centre (—a, a), radius ./2a 

x?+ y? — 14x + 12y —15 =0 

x? + y?—3x—y—-2=0 

+ y—6x+4y+ 11=0 

x? + y? — 26x — 26y + 169 = 0 


-y+4x—13=0 
x2 -+ y?—5x—y+4=0 


Exercises 19b 


OARhWDH 


. x? -+ y?— 1l0y=0,r=5 

“xt + yt — 11x — Ty + 30 = 0, r = #2 
xt 2 — Sx — yp +4=0,r=4/10 

. 2x? + 2y?-+ x — lly —1=0,r = },/130 
x2 + yp? +4 3x — 3y — 38 = 0, r = 4/170 


Exercises 19c 


1. 
3. 
5. 


3x + 4y—45=0 2. 7x — 9y + 59 = 0 
lix+7y+91=0 4. 15y — 8x — 56 =0 
x + y — 14 = Ois the equation of the common tangent 


Exercises 19d 


— 


() t = 3/5 (i) t = JB 


2. A is inside, B outside, C is on the circle 


WDA MN SW 


. k= 80 
. (1, 2), (—1, 4) 
. 15y — 8x = 4289 


5y — 3x = 0 


. (i) (10, 2) Gi) 2 units 
. (i) 2, dl, 3) (ii) (6, 3) (—2, —1); 


x? + y? — 23x + 36y — 15 = 0 


. x2-+ y? — 10x — 6y +9=0; I5y+ 8x =0 
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SOLUTIONS 
EXERCISES 19 


. x2 -+ y? — 10x — 10y + 25 = 0; (8, 9) or 


x? + y®? — 60x — 60y + 900 = 0; (12, 6) 


. 4x—3y+6=0; 4x — 3y —14=0 
. Centre (3, —1) and radius 1; centre (—1, —5) and radius 5 


ec = 12 or —38 
(a cos 6, asin 6) 
x? + y? — 2x + 4y — 20 =0; 7/2 


. (2,3); 1; PA=2; tan? =2 
. x8 + y? + 2x — 40y + 237% 
. (5, 8), (5, —2) 


x2 + y? — 4x —5y+4=0; 9y+ 40x =0 
J y y 


- x + y?+4x—4=0; centre (—2,0); radius 2,/2; 


x7 + y? — 28x —4=0 


- + y?— 2x —6y =0; x? + y? — 12x — l6y + 80=0; 
J y y 


x+y—8=0 


; 3xi + 3y" _— era ene =0 

. 7A/5; x2 + y? — 8x — Sy + 16=0 

. 24 units 

. 2 units 

. Circumcircle is 2x? + 2y? + 3x ~2=0 


=$97 = 3%, (2, 1), J5 


P 
. (23, 0), 6/14 
~ + y=] 
. @ (—*, 44) (i) 4x + 3y +7 = 0 Gd) 124; ag ccauare units 
. (2,1), 1; y = 0 and 3y — 4x = 0; (238, 


: 4y — 3x =0 

(i — gr +h Fae Miss ap anther 
x + y?— 4x —6y—12=0; 3x+ = 

(—1, —1) 





: heosa\ ,. 
. Xcosa + ysina = a; centre [h,a — — ,x*sin a — xy 


cosa + ay=a Se 


41, Dy AC =</135 Sedat Ae Op 0 

. x8 + y® — 10y + 20 = 0; x? + y? — 20y + 80 =0 

» (K? — 1)x? + (ke? — 1)y? + 2x(k re — 71) = 0; k:1, externally 
. Cf? + g*) > 2c? 

. x8 + y® = g? — be 

. x8 + y? + 12x + 4y — 60 = 0; 


x24? 4 12x — 4y — 60=0 


. (4,3); x? + y? — 12x — 9y + 50 = 0; 


x? + y? + 8x + 6y — 75 =0; Ty — 24x +175 =0 
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SOLUTIONS 


Exercises 20a 


1. (i) (2,0), x = —2 
(ii) (—6, 0), x = 6 
(iv) (0, 3), y = —3 
(ve) (—%,0), x = 3 
. (2, 9) 
. Relative to axes horizontally and vertically through the 
lowest point of the rod; x? = 36y 
~Oy=x4tly=—-x+3 
(ii) x= y—3,y=—x—-9 
5. (27, — 18) 
6. (i) y2? = 10x + 2y + 4 
(ii) x? — 2xy + y® + 8x + By — 16=0 
(iii) 16x* — 24xy + Dy? + 118x + 174y + 316 = 0 
8. (24, —24) 


kr Wh 


Exercises 20c 


2. 1 unit 
3. Tangent y — tx + 322=0, normal ty + x = 6f + 328 
4, y? = 4ax + 9a* 


Exercises 20d 


x—-ytl= 
—25x + 10y —4=0 
4, y? = 2a(x — a). Vertex (a, 0), focus (3a/2, 0) 
Exercises 20e 
1. e = 2, (46,0), x = +52, area = 807 
2. e= 2, (0, +6), y = +5, area = 807 


3. e= #,(42,0),x= + ¥,area = 27 


he 7 ,(4,/2, 0), x = +3,/2, area = 2/60 


5e= 7 , (0, +1), y = +2, area = /27 


| 


e = #, foci (+4, —2), (—2,—2): area 207. Directrices 
x = "and x = —*¥ 
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SOLUTIONS 
382 (+5, +1 
8. 8x2 + 3y? = 35; e= /8 
2 
9. Semi-major axis 5, semi-minor axis 3; 5 + ee = 1 
10. a =3,b=,/5; x =4,x = 94; (5,2); 
(x«— 5? Vv—2)* 
Ve Stic! Seas | 
9 = 5 
Exercises 20f 
lx+y=5,x-—y+1=0 


2. 2x + Sy = 12, 5x —2y=1 
3. by — ax = 2ab, ay + bx = a® — B? 
4. y=2x+/14 
5. y=2x+6 
6 
10. ~ ++ =1 
Exercise 20g 
1. ~cos6 +%sin@ =1 
a b 


Exercise 20h 





1. 2x + 3y = 12 

2y —3x = + /# 
2. ab 

2 2 

Gray hy 

4x* dy? 
6.e=%F 
8. x2 = ae® — hae*6? 

2 pe 
10. Centre [o.4(- ave 222 . sin 0) 
sin 0 b 
radius (> +—— ae = sin 6) 
sin 


Exercises 20i 
ane 
1. ,(£3,/3, 0), x = + = 53 


3, ‘O +4),y= 44 
4, (+4, 0), x = +4 
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SOLUTIONS 


4. e = 2,(49, 0), x = + 
5. e = /3, 0, /3), y = £33 
6. e = ./2, (+52, 0), x = +8/2 
7. 78, (£4, £8) 
2 2 
g © YL a1; 4-2-1 
361 36 13 
2 2 
9 ~-L=1 
5 1 


Exercises 20] 


1, /3x —y = J3; x + V3y = 13 

4. ai? — b?m? = n*®; al? + bm? = rn? 
5. bx (t? + 1) — ay(t? — 1) = 2abt 
10. 8x — 9y = +5; (44, +3) 


Exercises 20k 


1. @) y = £3; 0, +2) 
(ii) y = 43x; (42, 0) 
2. —bla<m< bla 
3. (i) xy = 16 (ii) xy = —1 
(ii) « -—Dy=9 @)@+D0—-)D=—4 
4y+x=8 y—4e 4+ 15=0 
x + ty = 2t 
2x — y= 3, 2y+x=4 and 2x —y = —3, 2y + x= —4 


y —— 
. 4x — 3y = +7, (4, 3) and (—4, —3). 7 square units 
(2 22) 
10. |— ,—— 
21 on 


Exercises 201 


OO AME 


1. 2xy = k? (rectangular hyperbola) 
4. y= 2a 
, ; 2a 
6. Major axis b, e = 5 
8. tan7? 43 
9, m%(x2 — 1) — 2xoyom + yp +. 3 = 0 
0. When P is a point of intersection of the two curves the normal 
to xy = c? is a tangent to x* — y?=a®. Hence the curves 
cut at right angles. 
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SOLUTIONS 


Exercises 20m 


A bBwWN 


- 0,1) 0, -1 

. 6y — 3x —54 = 0, 8y — 3x + 108 = 0, tan (49) 

. (4,8) 

-y—6x+8=0, (4,16); this is a double tangent 


y + 12x — 64 = 0, (16, —128) 
9y + 2x — 261 = 0, (9,27); x =0, (0, 0) 
3bt,x — 2ay = abt? 


- (G+ tte + 4), (a + ttt] 
. Oy? + 24% — 25=0 
i? +pq+¢@, (P+ pq). pq = +1, y? =x + 1 parabola 


: (22, ,/), 2a = 2y/mx — mm 


EXERCISES 20 


. y® = 16a(x + 2a) 
. y? = a(x — 3a) 

. y? = 4a(x — a) 

. ky — 2ax = 2ah 
. tan (3) 


2,/(a?m? + b*) a 


Vl +m?) ’ 3 V8 
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INDEX 


Abscissa, 357 
Acceleration, forms for, 336 
acos @ + bsin @, 117 
Addition formulae, 109 et seq. 
Angle, 
between lines, 389 
measurement, 94 
Applications of the derivative, 
as a rate measurer, 218 
for approximations, 223 
to kinematics, 220 
Approximations, 223 
for a function as a polynomial, 252 
for sin 6, cos 6, tan 6 when @ is 
small, 125 
Arbitrary constant, 268, 279, 334 
Area, 
between parabolas, 313 
between y-axis and curve, 315 
of an ellipse, 433 
of a loop, 317 
of a quadrilateral, 368 
of a sector of a circle, 124 
of a triangle, 156 
in terms of the co-ordinates of its 
vertices, 366 
positive and negative, 315 
Argand diagram, 71 
Arithmetic, mean, 13, 35 
sequence or progression, 35 
series, 36 
Asymptotes of a hyperbola, 449 
Axes, 357 


Binomial coefficients, 49 
relations between, 50, 51 

Binomial theorem 
for non-positive integral power, 56 
for positive integral power, 48 
proof by induction, 53 

Bisectors of angle between lines, 397 


Cartesian co-ordinates, 357 
Centre, 
of a circle, 403 
of an ellipse, 434 
of gravity, 326 
of circular arc, 327 
of hemisphere, 329 
of sector, 329 
of semi-circular arc, 327 
of semi-circular sector, 329 
of mass (see centre of gravity) 
Centroid of triangle, 366 
Change of origin, 373 
Circumcircle, 146 
Co-incident lines, 386 
Complex conjugate, 68 
Complex numbers, 64 et seq. 
geometry of, 72 et seq. 
imaginary part of, 66 
modulus, 71 
real part of, 66 
representation of, 70 et seq. 
rules for, 66 ef seq. 
Complex plane, 71 
Condition for three points to be 
collinear, 367 
Continuous function, 173 
Cos (A + B), 109 
Cos 2A, 111 
Cos 3A, 112 
Cos C + cos D, 115 
Cos 6 when @ is small, 125 
Cosine formula, 147 
Cotangent formula, 148 
Cube roots of unity, 77 
Curve sketching, 239 


Definite integral, 
as an area, 280 
as a sum, 280 
change of limits, 297 
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INDEX 


Degree, unit of angle, 94 


Derivative (see also differential coeffi- 


cient), 

applied to kinematics, 220 

as a rate measurer, 218 

second and higher, 197 
Difference, derivative of, 188 
Differential coefficient, 180 

of ax", 183 

of constant, 188 

of cos x, 184 

of difference, 188 

of exponential function, 248 

of function of a function, 200 

of inverse functions, 206 

of inverse trigonometric functions, 

207 

of logarithmic function, 246 

of product, 190 

of quotient, 192 

of sin x, 184 

of sum, 188 

of trigonometric functions, 

197 

of x", 203 

second and higher, 197 

standard forms, 215 
Differential equations 
d@x 
ae kx, 343 

first order, 341 

formation of, 337 

general solution, 334 

order of, 340 

particular solution, 334 

variables separable, 341, 345 
Differentiation, 180 

from first principles, 182 

from parametric equations, 213 

of implicit functions, 209 
Director circle, 

of ellipse, 438 

of hyperbola, 449 
Directrix, 

of ellipse, 431 

of hyperbola, 445 

of parabola, 418 
Discontinuous function, 173 
Discriminant, of quadratic equation, 


196, 


Distance between two points, 
in cartesians, 361 
in polars, 362 


e, as a limit, 246 
as a series, 259 
e*, as a series, 258 
Eccentric angle, 440 
Eliminant, 15 
Elimination, 15 
Ellipse, 
area, 433 
centre, 434 
directrix, 431 
eccentric angle, 440 
eccentricity, 432 
equation of normal to, 436, 439 
equation of tangent to, 436, 439 
focus, 431 
parametric equation, 438 
simplest equation, 431 
Equation, 
in one unknown, 2 
in which unknown is an index, 
27 
miscellaneous, 3 
of circle, 368 
of curve, 368 
of first degree is a straight line, 
379 
of straight line, 377 et seg. 
quadratic, 2 
simultaneous, 6 
special forms for a straight line, 
382 et seq. 
trigonometric, 130 et seq. 
Equations of motion, 337 
Explicit function, 171 
Exponent, 21 
Exponential function, 249 
differential coefficient of, 248 
graph of, 249 
series for, 258 
External division, 362 


Factor formulae, 115 
Factorial n, 51 
Focus, 
of an ellipse, 431 
of a hyperbola, 445 
of a parabola, 418 
Function, 170, 
continuous, 173 
differential coefficient of, 180 ef 
seq. 
discontinuous, 173 
explicit, 171 
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INDEX 


Function, (contd.) 
graph of, 173 
implicit, 172 
Maclaurin’s series for, 255 
many valued, 172 
maxima and minima of, 229 
of a function, 197 
point of inflexion of, 235 
polynomial approximation for, 252 
rate of change of, 174 
single valued, 172 
sketching graph of, 239 


Geometric mean, 13, 39 
Geometric sequence or progression, 39 
Geometric series, 39 
Gradient, 
of a chord, 175 
of a tangent, 177 
Graph of a function, 173 


Hero’s formula, 157, 163 
Higher derivatives, 197 
Hyperbola, asymptotes of, 449 
centre, 445 
directrix, 443 
eccentricity, 445 
equation of normal to, 446 
equation of tangent to, 446 
focus, 443 
parametric equations, 446 
simplest equation, 444 


Implicit function, 172 
derivative of, 209 
Indices, 21 
rules for, 21 et seq. 
Induction, 59 
Inequalities, 9 
Inequality of means, 13 
Infinite geometric series, 42 
Integers, 1 
Integration, 267 
as reverse of differentiation, 267 
as summation, 277 
by change of variable, 302 
by parts, 304, 307 
by substitution, 292 et seq. 
five elementary rules, 271 
of rational functions, 285 
of trigonometric functions, 301 
et seq. 
Intercept form of straight line, 381 


Internal division, 362 
Inverse functions, derivatives, 206, 207 
Inverse trigonometric functions, defini- 
tions, 120 
derivatives, 207 
graphs of, 121 
principal values, 121 
Irrational numbers, 2 


Latus rectum, 
of ellipse, 432 
of hyperbola, 445 
of parabola, 419 
Length, 
of arc of circle, 124 
of perpendicular from a point to a 
line, 394 
of a tangent to a circle, 408 
Limits, notation, 179 
Loci, 368, 427 
Logarithmic differentiation, 250 
Logarithmic function, 245 
derivative of, 246 
graph of, 245 
series for, 258 
Logarithms, 
calculation of, 260 
definition, 24 
rules for, 25 
transformation rule, 26 


Maclaurin’s series, 255 
for cos x, 256 
for et*, 258 
for log, (1 + x), 258 
for sin x, 256 
Mathematical induction, 59 
proof of binomial theorem by, 53 
Maxima and minima, 229 
distinction between, 230, 231 
Mean value, 319 
Modulus, 
of a complex number, 71 
of a real number, 12 
Multiple angle formulae, 111, 112 


Negative side of a line 386 
Normal, 
to a curve, 226 
to an ellipse, 436 
to a hyperbola, 446 
to a parabola, 421, 426 
to a semi-cubical parabola, 459, 460 
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INDEX 


Numbers, 
algebraic, 1 
complex, 65 
irrational, 2 
rational, 1 
transcendental, 2 


Ordinate, 357 
Orthogonal trajectories, 339 


Parabola, 
directrix, 418 
equation of, 
normal to, 421, 426 
tangent to, 421, 426 
focus, 418 
parametric equations, 425 
simplest equation, 418 
vertex, 419 
Parallel lines, 386 
Parametric equations, 
of circle, 370 
of ellipse, 438 
of hyperbola, 446 
of parabola, 425 
of rectangular hyperbola, 453 
of semi-cubical parabola, 459 
Partial fractions, rules for, 16 et seq. 
Pascal’s triangle, 48 
Perpendicular, 
distance of point from a line, 393 
form of the equation of a line, 384 
lines, 391 
Point of inflexion, 235 
criterion for, 237 
Points of intersection, 
of lines, 386 
and circle, 409 
and ellipse, 436 
and parabola, 423 
of two loci, 371 
Polar co-ordinates, 357, 358 
Polynomial approximation for a func- 
tion, 252 
Positive side of a line, 386 
Product, derivative of, 190 


Quadratic equation, 2 
discriminant of, 82 
relation between roots and coeffi- 
cients, 89 
solution of, 82 


Quadratic equation, (contd.) 
sum and product of roots, 89 
type of roots, 82 

Quadratic function, 84 
graph of, 86 
sign of, 85 

Quotient, derivative of, 192 


Radian, 94 
Radius of a circle, 403 
Radius vector, 358 
Rate of change of a function, 174 
Rational algebraic function, 285 
Rational numbers, 1 
Real numbers, 2 
Rectangular hyperbola 452, 
eccentricity, 452 
equation of, 452 
equation referred to its asymptotes 
as axes, 453 
parametric equations, 453 
Root mean square value, 321 
Roots of a quadratic equation, 82 


Second derivative, 197 
Semi-cubical parabola, 
equation, 457 
equation of normal to, 458 
equation of tangent to, 458 
parametric equations, 459 
Sequences, 32 
arithmetic, 35 
geometric, 39 
Series, 
arithmetic, 36 
geometric, 39 
infinite geometric, 42 
Simple harmonic motion, 338 
Simultaneous equations, 6 
Sin (A + B), 109 
Sin 2A, 111 
Sin 3A, 112 
Sin C + sin D, 115 
Sin 6 when 6 is small, 125 
Sine formula, 146 
Small angles, 124 
Solid of revolution, 322 
Solution of triangles, ambiguous case, 
149 
Square root of —1, 65 
Standard forms, 
for derivatives, 215 
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Standard forms, (contd.) 
for integrals, 268 
Straight lines, 
equation for, 377 et seq. 
perpendicular, 391 
positive and negative sides, 386 
Sub-multiple angle formulae, 112 
Sum, 
derivative of, 188 
of arithmetic series, 36 
of geometric series, 39 
of infinite geometric series, 42 
of positive integers, 38 


Tan (A + B), 109 
Tan 2A, 111 
Tan 3A, 112 
Tan @ when 0 is small, 125 
Tan x, derivative of, 196 
Tangent, 
equation of tangent, 
to circle, 406 
to a curve, 226 
to an ellipse, 436 
to a hyperbola, 446 
to a parabola, 421, 426 
to a semi-cubical parabola, 458 


INDEX 


Tangent, (contd.) 

length of tangent to a circle, 408 
Transcendental numbers, 2 
Transformation of cartesians to polars 

and vice versa, 358 

Trigonometric equations, 130 ef seq. 

general solution, 131, 132 

involving different ratios of the 

same angle, 135 

involving multiple angles, 137 
Trigonometric functions, 94 

for any angle, 101 ef seq. 

graphs of, 105, 106 

relationships for, 96, 97 

signs of, 100 
Trigonometric identities, 96 et seq. 


Variables, 
dependent, 171 
independent, 171 
Variables separable, differential equa- 
tions with, 341, 345 
Vector, 71 
Vectorial angle, 357 
Vertex of parabola, 419 
Volume of a solid revolution, 322, 
325 
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